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The improvement of germplasm and breeding populations is an important objective 
of maize breeding programs. S 1 recurrent selection has been shown to be an effective means 
of intrapopulation improvement for many different crops and has been practiced extensively 
in maize. The objective of this study was to evaluate the direct and indirect response of 4 
cycles of S 1 recurrent selection in BSP 1 and BSP2 popcorn breeding populations. The 
populations per se, interpopulation crosses, and both populations crossed to a tester from a 
different heterotic group were evaluated across seven environments throughout the U.S. 
Midwest. 
Regression estimates revealed that popping expansion increased 0.64 cc g 1 (or 
1.63%) cycle 1 for the BSP1 population, 0.61 cc g~l (or 1.52%) cycle 1 for the BSP2 
population, 0.65 cc g 1 (or 1.64%) cycle 1 for the population cross, BSP 1 x BSP2, and 0.63 cc 
g~l (or 1.60%) cycle 1 for the reciprocal population cross, BSP2 x BSP 1. Improvement for 
popping expansion in the populations crossed to the CO and tester was about a third of what 
was observed in the populations per se, revealing an increase in the number of favorable 
alleles for popping expansion. Gains were also realized in two popcorn quality traits; 
percentage of mushroom flakes and hull dispersion. With selection for butterfly flake types, 
the percentage gains per cycle for percentage of mushroom flakes ranged from 
negative 12.65 % to negative 26.24% within the BSP 1, BSP2, BSP 1 x B SP2, and B SP2 x 
BSP 1 populations. For hull dispersion, gains per cycle ranged from 3.97% to 6.93% within 
the BSP 1, BSP2, BSP 1 x BSP2, and BSP2 x BSP 1 populations. These significant gains were 
unexpected due to the level of quality already present within these populations before 
V 
selection. These findings indicate that selection for increased popping expansion and 
improvement in other popcorn quality traits can be done concurrently. 
Selection was effective in reducing root and stalk lodging. A European corn borer 
evaluation revealed an initial high level of resistance to leaf feeding and stalk tunneling 
within both populations with no significant differences across cycles or among crosses. 
Improvements in other agronomic traits were in the desired direction. 
The analysis of variance revealed that reciprocal effects (REC) played a role in the 
popping expansion trait but were non-significant for the other traits. This implies that testing 
reciprocal crosses for expansion could be useful if the objective of the testing is to identify 
the hybrid with the best popping expansion. The analysis of variance for GCA, SCA, and 
genetic effects revealed that additive-associated distances played a major role in traits 
affecting popping expansion and agronomics. 
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INTRODUCTION 
Popcorn is a specialty corn and is best known for its ability to pop and produce a 
flake. As a result, the traits of greatest importance and of most value to the consumers of 
popcorn are popping quality traits such as popping expansion, flake type, hull rating, and 
percent mushroom flakes. Yield and agronomics are considered secondary traits of interest 
and unfortunately, are often negatively correlated with popcorn quality traits. 
Germplasm enhancement is an important priority for maize breeders. Recurrent 
selection procedures are used to increase the frequency of favorable alleles within a 
population while maintaining genetic variation. Several studies have shown S 1 progeny 
selection to be an effective means of intrapopulation improvement for many different traits 
especially those with additive gene effects. 
Breeding research and published work within popcorn is limited. very few published 
studies exist linking popcorn and breeding. This study will provide insight into response to 
selection for improved popping quality traits and improved agronomic traits within popcorn. 
Four cycles of S1 progeny selection were carried out within BSPI and BSP2 popcorn 
breeding populations. A population diallel between the CO, C2, and C4 including parents 
and reciprocals was formed. The objectives of this study were to evaluate the direct and 
indirect response of 4 cycles of S 1 recurrent selection in BSP 1 and BSP2 popcorn breeding 
populations, to partition the response to selection into additive and dominance gene effects, 




Popcorn (Zea mays L.) is a specialty type corn and is probably best known as one of the first 
snack foods. Popcorn is classified as a modified flint type corn suspected to be selected by 
Native Americans in early western civilizations (Carter et al., 1989). Commercial production 
of popcorn began in the late 1800's and today represents approximately 4% of the total 46 
billion dollar snack-food market that doesn't include gum or candy in the US (Snack Food & 
Wholesale Bakery 2001). Popcorn production has always been focused within the U.S. corn 
belt but the states leading in production have changed over the years due to breeding and 
irrigation. Table 1 presents the harvested popcorn acreages from 1997-2001. Values for the 
chart were obtained from the popcorn board and its members. These values, in total, 
represent approximately 84% of the total popcorn production in the United States. From the 
table, total U.S. popcorn acreage over the 5-year period averaged 243,600 acres per year. 
Table 1. Popcorn production over afive-year period beginning in 1997. 
State 1997 1998 1999 2000 2001 5 Year avq. % of Total 
Illinois 35.8 32.2 37.8 28.5 24.7 31.8 13.1 
Indiana 81.4 76.6 74.4 53.2 76.2 72.4 29.7 
Iowa 5.7 12.2 15.2 12.9 16.2 12.4 5.1 
Kansas 5.4 6.4 3.1 0.5 0.6 3.2 1.3 
Kentucky 8.1 19.1 13.5 8.5 6.8 11.2 4.6 
Michigan 0.6 0.6 0.7 0.0 0.0 0.4 0.2 
Missouri 14.1 25.2 12.5 5.2 6.1 12.6 5.2 
Nebraska 24.4 64.8 54.0 50.6 64.0 51.6 21.2 
Ohio 12.6 30.0 28.2 35.0 48.2 30.8 12.6 
Otherb 50.9 14.1 8.0 5.4 7.7 17.2 7.1 
Total 239.0 280.6 247.4 199.8 250.5 243.6 100.0 
a Thousands of acres (convert to thousands of hectares by dividing by 2.447). 
b Alabama., Colorado, New Jersey, Maryland, Minnesota, North Carolina, Oklahoma, Pennsylvania, South 
Dakota, Tennessee, Texas, Virginia, and Wisconsin. 
(Information modified from The Popcorn Board, 2001) 
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Nutritionally, popcorn is one of the best all-around snack foods, providing 67% as much 
protein, 110% as much iron and as much calcium as an equal amount of beef. An average 
1.5-ounce serving of popcorn supplies the same energy as two eggs; and a cup of unbuttered 
popcorn contains fewer calories than half a medium grapefruit. In addition, the hull is 
excellent roughage, comparing favorably with bran flakes or whole-wheat toast (Carter et. al 
1989). 
Popcorn is unique, yet similar to commercial field corn (dent-corn). The popcorn 
plant looks much like adent-corn plant but there are a few differences. The root system of a 
popcorn plant is generally weaker than that of dent-corn. Most popcorn plants lack brace 
roots and the root system generally does not grow as quickly or as deeply as dent-corn plant 
roots. Strong windstorms can be detrimental to a popcorn field and root lodging problems 
are common. Popcorn stalks are smaller than dent corn stalks. The stalks are also more 
susceptible to European corn borer [Ostrinia nubilalis (Hubner)] damage, stalk rots, and stalk 
breakage. Crop scouting and timely harvest are important in order to avoid losses. The 
tassel of a popcorn plant is large in size relative to dent-corn tassels. A popcorn tassel has a 
large number of branches whereas adent-corn tassel may consist of a lone spike. Because of 
their larger size, popcorn tassels produce large amounts of pollen relative to that of dent-corn 
tassels. The leaves of a popcorn plant are smaller, more narrow, and have more of an upright 
orientation than do dent-corn leaves. The ear size of popcorn is much smaller than that of a 
dent-corn ear (usually about half as large). However, popcorn is often prolific and may 
produce as many as three ears per plant while most dent-corn plants will produce only one 
ear. From an agronomic perspective, the popcorn plant has many characteristics that can be 
improved upon. 
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The most outstanding difference between popcorn and dent-corn lies within the 
kernel. Like adent-corn kernel, a popcorn kernel is composed of three main parts; the 
pericarp, endosperm, and the embryo. The pericarp acts as a protective covering around the 
kernel, and the endosperm is a food storage area from which the embryo derives nutrients 
upon germination. Across all types of corn there is a gradation in the relative amounts of 
hard (translucent) to soft (opaque) endosperm in the kernels. Flint corn and popcorn have the 
highest proportion of hard endosperm, dent-corn kernels have less, and floury corn kernels 
have none. One key difference between adent-corn kernel and a popcorn kernel is the ratio 
of hard to soft endosperm. Popcorn has a higher ratio of hard to soft endosperm than dent-
corn. This is apparent when visually comparing popcorn and dent-corn kernels. A popcorn 
kernel has a clear or translucent appearance, which is the hard endosperm while adent-corn 
kernel has an opaque or light yellow appearance which is the soft endosperm. A popcorn 
kernel also has a thicker pericarp than adent-corn kernel. This is an important characteristic 
of popcorn because a thick pericarp is essential to popping expansion because it contains the 
pressure of the superheated water inside the kernel to the point where when the pericarp 
ruptures, the pressure is large enough to allow for expansion to occur. 
The popping phenomenon is what makes popcorn so intriguing. Here is an 
explanation of what happens inside a popcorn kernel upon popping described by Ziegler 
(2001). Upon heating, the moisture inside the kernel expands to a point where enough 
pressure is built up to burst the pericarp. The buildup of internal pressure provides the 
driving force for the production of the flake. The expanded flake is derived from the 
translucent portion of the endosperm. During popping, starch granules in the translucent 
portion of the endosperm do not explode, but are first gelatinized and then, upon release of 
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the -steam pressure are puffed up, -dried; ~.nd -loft in athree-dimensional ne~work. i he soi~ 
endosperm starch granules undergo very little change during popping except to spread further 
apart. It is unclear as to what role if any the soft endosperm may play in relation to popping. 
Popped popcorn comes in two types of appearances, butterfly or mushroom. A 
butterfly flake has many appendages, usually higher expansion volume, and is preferred by 
consumers for eating. Mushroom flakes have a round ball type appearance, generally lower 
expansion volumes when compared to butterfly types, and are used by confection and candy 
coating companies. 
Popping occurs at about 177 C, which is equivalent to 13 5 psi inside the kernel. At 
this temperature and pressure most of the water in the kernel is superheated at the moment of 
popping and provides the driving force for expanding the starch granules once the pericarp 
ruptures (Hoseney et a1.,1982). In order to insure maximum popping expansion volumes, the 
popcorn kernels should be conditioned to a moisture content of 13 S g per kg to 140 g per kg 
(13.5 to 14%). This can be achieved by placing samples in a temperature and moisture 
controlled room at 21 C (70 ~ and 70% relative humidity and allowing enough time for the 
popcorn to equilibrate to the desired moisture content. Popcorn should be allowed to 
condition for four to six weeks. 
Popcorn yields, measured on a weight-per-land-area basis, are less than dent corn 
yields. Bushel comparisons can be made, but should be avoided because the standard test 
weight of popcorn is 65 lb/bu (826 kg,/M3), whereas the test weight of U.S. Grade No. 1 field 
corn in 56 lb/bu (712 kg/M3). Also, popcorn yields generally are adjusted to 13.5% moisture, 
but dent corn yields generally are adjusted to 15.5 %. In the industry, popcorn yields are 
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discussed in pounds per acre (kilograms per hectare), compared to bushels per acre (metric 
tons per hectare) in dent corn (Ziegler, 2001). 
The European corn borer (ECB) is the most destructive insect pest of popcorn. 
Normally the insect will have two generations per year. The first generation corn borer feeds 
on the leaves of the plant and then bores into the stalk. The second generation corn borer 
feeds on leaf sheathes and pollen and then bores into the stalks, ear shanks, and even the ear 
itself. This will often cause stalk breakage, dropped ears, and damage to the kernels. In 
popcorn, second generation damage is usually more severe than first. Two sepaxate studies 
by Jarvis et al. (1986 and1990) illustrated that even just a light infestation of second 
generation ECB resulted in significant yield loss and caused a decrease in popping 
expansion. Scouting and appropriate pesticide applications for ECB control are important to 
popcorn producers. 
Growing popcorn is much like growing commercial field corn with a few special 
exceptions. Popcorn should be planted in warmer soils with adequate moisture available for 
germination. Timely planting is important because in order to obtain ma~cimum popping 
expansion the plant must reach maturity before the first hard frost (Ziegler, 2001). Less 
fertilizer is required for popcorn production. High rates of fertilizer are not needed because 
yields are usually not as high as those obtained from commercial field corn and high rates of 
fertilizer may lead to lodging problems. Plant density should be around 30,000 plants/a 
(94,000 plants/ha), but varies somewhat depending on hybrid and soil type. 
Most popcorn acreage is harvested by combine although some processors prefer to 
contract with farmers who can ear harvest popcorn in order to minimize mechanical damage 
to the kernels. Popcorn shelled with a combine should have a field moisture between 14 and 
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18%, with the optimum being 16-17%. Above 18%moisture, shelling losses are high and 
there can be much physical damage to the kernels. Below 14%, the kernels are too 
susceptible to impact damage from combining and associated handling operations (Carter et 
al., 1989). Combine settings must also be adjusted. Slower cylinder speeds and wider 
concave clearances reduce kernel damage. 
Popcorn and Plant Breeding 
Thomas and Grissom (1961) published one of the first papers on the response to 
recurrent selection in popcorn. They evaluated the response of two cycles of reciprocal 
recurrent selection in two popcorn populations. The objectives of the study were to 
determine whether progress could be attained in a reciprocal recurrent selection program 
when selecting simultaneously for several attributes (expansion, yield, and root lodging) and 
to compare progress made by selection between and within selfed families. 
The total gain within the recurrent selection program was slightly better than with 
selfing for popping volume and yield. Changes in root lodging were more variable. It was 
concluded that reciprocal recurrent selection was effective in improving the mean of the two 
populations for yield, popping volume, and lodging resistance, although similar improvement 
was found with direct selfing and selection based on hybrid progeny tests. In conclusion, 
further advancement was assumed to be practical within the reciprocal recurrent selection 
material because it had retained much of its original variation while improvement in the 
selfed material would be more limited because it became more homozygous after each 
generation. 
Robbins and Ashman (1984) examined expansion correlations in progeny of dent 
corn x popcorn and flint corn x popcorn crosses. The objective of their work was to 
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determine the potential for use of dent corn x popcorn and flint corn x popcorn crosses as 
breeding material for popcorn improvement and to determine if recovery of popping and/or 
hard endosperm genes would be faster in flint x popcorn crosses or dent x popcorn crosses. 
Both yield and quality losses in popcorn due to stalk and root lodging are common. 
Incorporation of dent-corn germplasm would be useful to improve the agronomic qualities of 
popcorn. A maj or problem with the introduction of dent germplasm into popcorn germplasm 
is the reduction of popping expansion due to the loss of hard endosperm. An alternative to 
the incorporation of dent germplasm is to use flint germplasm. Flint corn is intermediate in 
the amounts of hard and soft endosperm. Using flint germplasm maybe more useful than 
dent germplasm in order to inhibit the large reduction in popping expansion due to 
endosperm hardness observed with dent crosses. 
The results suggested that using flint x popcorn over dent x popcorn crosses offered 
little advantage for recovery of popping expansion. This illustrated the fact that not all genes 
contributing to endosperm hardness also contribute to recovery of high popping expansion. 
It was also concluded that emphasis should not be placed on endosperm hardness in non-
popcorn germplasm when selecting source germplasm for popcorn improvement. Selection 
for agronomic characteristics and adaptation to growing areas for non-popcorn germplasm 
was suggested. 
Doffing et al. (1991) examined the inheritance of popping expansion and yield in two 
popcorn x dent corn crosses. The material examined was Ia53 x B73, Ia28 x Mo17, the F1, 
F2, and BC 1 and BC2 from each cross. The traits measured were popping expansion, yield, 
number of kernel rows, ear diameter, ear length, and 50-kernel weight. The objective of the 
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study was to use generation means analysis in order to determine the genetic components for 
each trait. 
Additive genetic effects were significant for all traits in each cross. Dominance 
effects were significant in all traits in the Ia28 x Mo 17 cross and all but popping expansion in 
the Ia53 x B73 cross. No epistatic effects were revealed in the Ia28 x Mo 17 cross but 
additive x dominance and dominance x dominance effects were significant in the Ia53 x B73 
cross. In both crosses additive effects contributed to higher popping expansion volumes and 
lower grain yield, ear length, ear diameter, and 50-kernel weight. In both crosses, dominance 
effects resulted in lower expansion volume and higher grain yield, ear length, ear diameter, 
and SO-kernel weight. They concluded that popping expansion was negatively correlated 
with all but one of the yield components measured. The results indicate that breeding 
methods which exploit additive variation associated with expansion and dominance variation 
associated with grain yield would most likely result in simultaneous improvement for both 
traits. It was suggested that this could be accomplished through long-term concurrent 
selection for popping expansion and grain yield. 
Inbred-Progeny (Sl and SZ) Selection and Estimation of Genetic Effects 
Maize is naturally across-pollinated crop and the effects of inbreeding can be 
detrimental to the plant in terms of vigor, yield, and overall health. The potential of 
inbreeding in maize was first recognized by Shull (1909) and today is the foundation of the 
commercial corn seed production industry. The use of inbred-progeny selection has proven 
to be very beneficial. Ilse of inbred progenies in recurrent selection permits greater 
flexibility in procedures, efficient use of facilities, and traits considered for selection 
(Hallauer, 1992). Heritability of traits is usually greater for inbred progenies because of the 
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greater 62A among inbred progenies (Lamkey and Hallauer, 1987). S 1 recurrent selection has 
also been shown to be effective in improving populations for a wide range of traits including; 
resistance to insect pressures, grain yield, and several other agronomic traits. 
S 1-progeny recurrent selection is regarded as the fastest method of intrapopulation 
improvement (Moll and Smith, 1981). It is best suited for traits with moderately high 
heritability and works best when the frequency of favorable alleles is intermediate to high 
(St. Martin, 1986). S 1 recurrent selection is best known as a method which capitalizes on 
genes with additive effects and is expected to rapidly eliminate deleterious recessive alleles 
that are soon evident after selfing (Hallauer et al., 1988). It has been shown to be effective in 
improving the population per se and the population cross (Moreno-Gonzalez and Cubero, 
1993). However, S1 recurrent selection should be used carefully because based on 
comparison studies and simulation data, genetic variability can be severely reduced after 
initial cycles of selection limiting the possibility for future gains (Tanner and Smith ,1987; 
Choo and Kannenberg, 1979). 
Garay et al. (1996) measured the response to S 1 recurrent selection in flint and dent 
synthetic populations. A common heterotic pattern in Europe is flint x dent. A dent and a 
flint synthetic variety had been developed in Zaragoza, Spain. The two synthetics were 
subjected to 2 cycles of S 1 recurrent selection before initiating a reciprocal recurrent selection 
program because of the low productivity of the synthetic populations per se. The objective of 
the study was to evaluate the changes in both populations and the population cross, relate the 
changes in the populations to additive and dominance genetic effects and inbreeding 
depression with two genetic models, and then compare the results. 
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S1 recurrent selection was effective in improving both populations after two cycles of 
selection. Both additive and dominance effects were utilized but resulted in a loss of 
heterosis, possibly as a result of a convergence between the two populations. Results from a 
diversity analysis revealed that additive-associated distances accounted for most of the 
differences among cycles of selection within populations. Divergence increased with cycles 
of selection for most traits. Dominance-associated distances were smaller for all traits and 
showed no trend in response to selection. The selection process apparently produced a 
divergence associated mainly with additive effects within each population, confirming that 
S 1-progeny recurrent selection mostly operates on additive effects. The distances between 
populations were larger than the distances within populations. It was suggested that the S 1 
recurrent selection program be discontinued and replaced with a reciprocal recurrent 
selection program in order to recover heterotic effects. 
Iglesias and Hallauer (1991) measured the response to S2 recurrent selection in 3 
exotic and semiexotic populations of maize. The objective of the study was to evaluate the 
response to S2 recurrent selection in maize populations involving exotic germplasm and to 
relate changes in the population means to changes in additive and dominance gene effects 
and inbreeding. Significant increases for grain yield were observed across a113 populations. 
The average rate of gains up to the intermediate cycle was 3.4, 3.8, and 4.2 q ha 1 cycle"1 for 
BS 16, BS2, and BSTL, respectively. After the intermediate cycle, BS 16 decreased for grain 
yield at the rate of 4.5 q ha 1 cycle"l. BS2 and BSTL did not respond to further selection. 
Estimated genetic parameters did not detect a significant change in the frequency of 
favorable alleles. Additive associated distances were measured using a model proposed by 
Moll and Hanson (1984). The results indicated that response was based on changes in the 
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frequency of alleles with additive effects. Estimated GCA effects for grain yield over cycles 
within a population were highly related to the observed changes in population effects; the 
largest GCA estimates corresponded to the best-performing population cross. The lack of 
response after two to three cycles of selection was unclear. Response may have been limited 
due to rapid fixation of important alleles via effective selection or genetic drift. 
Measuring Genetic Diversity 
Measuring genetic diversity is a useful technique to determine heterotic relationships 
or changes between and within populations due to selection. In most diversity studies, 
analyses developed by Smith (1983), Moll and Hanson (1984), and Hanson and Moll (1986) 
are used. In general, these analyses use information from a diallel to divide phenotypic data 
into additive-associated and dominance-associated gene effects. Dominance-associated 
distances are used as a measure of diversity. Modified principle component analyses are 
often used in conjunction with these analyses in order to graphically depict spatial changes 
and/or separation between or within a population. 
Mickelson et al. (2001) measured heterotic relationships among nine temperate and 
subtropical maize populations. The objective of the study was to relate heterotic effects 
among BSSS(R), BS26, `Salisbury White', `Southern Cross', `Natal Potchefstroom Pearl 
Elite Selection', and CIMMYT Populations 34, 42, 44, and 47. Introgressing exotic 
germplasm has been suggested as a method to increase genetic differences between heterotic 
groups. They used the model proposed by Hanson and Moll (1986) to examine the heterotic 
nature and spatial separation in the germplasm studied. This provided a better understanding 
~, a 
as to where exotic germplasm might best fit into a breeding program. 
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Keeratinijakel and Lamkey (1993) measured genetic effects associated with 
reciprocal recurrent selection in BSSS and BSCB1 maize populations. They measured 
diversity using the Smith (1983) and Moll and Hanson (1984) models and then compared the 
results. Data from their results suggested that both methods were in agreement from a 
genetic effects standpoint. They concluded that selection response occurred at 
complementary loci in BSSS(R) and BSCB1(R) with alleles in the partial to complete 
dominance range. 
Measuring Response to Selection and Estimation of Genetic Effects 
Measuring the rate of gain due to selection is very important to breeders in order to 
verify effectiveness of a recurrent selection program and to compare the efficiency of one 
program relative to another. Regression models are a common approach used for estimating 
progress. 
Eberhart (1964) developed a method to estimate the rate of response to recurrent 
selection programs by regressing the observed means of the selected populations and their 
crosses on cycles of selection. The linear regression coefficient or rate of gain per cycle is 
estimated by using least squares regression analysis described by Anderson and Bancroft 
(1952) or Steel and Torrie (1980). The analysis partitions the sums of squares into linear, 
quadratic, and deviations from regression. If deviations from linear are not significant, the 
linear coefficient is an estimate of gain per cycle. Another model proposed by Eberhart 
(1964) allows for fitting selected populations at a common base population. This allows a 
breeder to make comparisons of progress between selection procedures and/or similar 
material. 
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Estimation of genetic effects is usually done via generation means analysis. This 
method of estimation is not very flexible because it requires the breeder to develop the Fl, 
F2, BC 1, and the BC2 generations. Techniques like those developed by Moll and Hanson 
(1984) allow breeders to use information from a diallel to estimate genetic effects. This 
gives breeders more flexibility in that they can conduct a recurrent selection program and 
have the ability to estimate genetic effects. These analyses can be taken further to 
graphically illustrate changes in the populations via selection. 
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MATERIALS AND METHODS 
Genetic Materials 
The BSP 1 C 1 (Reg. no. GP-159, PI 509543) popcorn breeding population was 
developed as a short-term approach to the improvement of popcorn standability. Sixty of the 
most popular and newest experimental yellow and white popcorn hybrids were planted in a 
yield evaluation test in 1979. Root lodging occurred shortly before flowering in all hybrids, 
but five yellow hybrids stood noticeably better than the others. Open-pollinated ears were 
harvested from these better-standing hybrids and bulked within hybrid to form the base 
hybrid populations. 
The next year, approximately 1080 kernels were planted next to another observation 
nursery and yield evaluation test. No attempt was made to control pollination. In November, 
approximately 200 ears were harvested from standing plants in the bulked hybrid rows, with 
about 40 ears originating from each hybrid source. 
This material was planted ear-to-row in six replications in an isolated nursery in 1981. 
The first five plants in each row were inoculated with astalk-rot spore suspension that 
included Gibberella Zea (Schw.) Petch, Colletotrichum graminicola (Ces.) Wils., and 
Diplodia maydis (Berk.) Sacc. Selections were made among and within rows for standing 
plants in November resulting in 125 harvested ears. A balanced bulk was made and resulted 
in the BSP1 cycle zero. 
Seed of the selected ears were planted ear-to-row in 1982. Approximately 500 self- 
pollinations were made to initiate an S 1 recurrent selection program. Each self-pollinated 
plant was inoculated with astalk-rot spore suspension of G. zea, C. graminicola, and D. 
maydis. At harvest, 357 self-pollinated ears were harvested from standing plants. Seed from 
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each ear was conditioned and popped to determine popping expansion. On the basis of this 
popping expansion data, 62 ears were selected, and their progeny rows evaluated in 1983 in 
three screening nurseries: afirst-generation (ECB) (Ostrinia nubilalis Hubner) nursery as 
described by Guthrie et al. (1960); asecond-generation ECB nursery as described by Guthrie 
et al. (1978); and astalk-rot, stalk strength nursery (two replications). In the stalk-rot, stalk-
strength nursery, five plants per row were inoculated with the stalk-rot spore suspension 
previously described. These plants were evaluated for stalk-rot tolerance by a visual count of 
stalk breakage at harvest. Five noninoculated stalks per row were harvested and tested for 
strength by using an Instron materials tester (Model TTBM, Instron Corp., Canton, MA) as 
described by Foley (1983). Popping expansion and yield data also were collected on the S1
progeny rows. Data from these nurseries were used to select 30 S 1 lines for recombination. 
The S 1 lines were recombined using a partial diallel mating scheme followed by one 
generation of plant-to-plant intermating, and released as BSP 1 C 1 (Ziegler, 1987). 
BSP2C 1 (Reg. no. GP-207, PI 533603) was developed to provide a source of large-
expansion popcorn inbred lines to cross with inbred lines derived from dent-corn x popcorn 
germplasm. 
In 1983, four popcorn hybrids, A3004, 33122, P203, and 62180 were intermated in a 
diallel crossing system. The A3004 is a private hybrid from Ames Seed Farms, P203 is a 
released hybrid from Purdue, and 33122 and 62180 are Purdue experimental hybrids. Both 
A3004 and 33122 were chosen for their large popping expansion, 62180 for its excellent 
stalk strength, and P203 because its pedigree included inbred parents in the other hybrids. 
In 1984, the component hybrids from the diallel crosses were intermated by making 
the following four-way crosses and reciprocals among the hybrids: (A3004 x 33122) x 
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(62180 x P203), (33122 x P203) x (A3004 x 62180), (61280 x A3004) x (P203 x 33122), and 
(P203 x 62180) x (33122 x A3004). For the 1984-85 winter nursery, equal numbers of 
kernels were taken from approximately 10 ears of each cross and 10 ears from each 
reciprocal cross and bulked to form BSP2 cycle zero. The bulk was planted, and 158 self- 
pollinated ears were produced to start an S1 recurrent selection program with major emphasis 
on popping expansion. 
In 1985, the 158 S1 lines were planted ear-to-row and data were collected on 17 
agronomic traits and four popping traits. From these data, 30 S 1 lines were selected and 
intermated in 1986 by utilizing a partial diallel mating scheme. This partial diallel mating 
scheme also made it possible to select within S 1 lines based on popping expansion. This 
resulted in 125 ears being selected with 1 to 9 ears from each of the 30 original lines. Four 
kernels from each plant were bulked, planted in 1987, and seed was increased by making 
approximately 300 plant-to-plant pollinations (Ziegler, 1990). Balanced bulks were made 
from the harvested seed and released as BSP2C1 in 1988. 
Selection Procedures 
A modified S~ recurrent selection program was put into place for both populations. In 
the first year 300 plants were selfed at random from each population and the best 100 S1 lines 
were selected based on popping expansion performance. The following year, each of the 100 
selected lines were planted ear-to-row in observation nurseries. The observation nurseries 
aided selection for ECB resistance and standability traits. In the fall, five to ten of the best 
looking plants were harvested within each line. Based on observed agronomic and popping 
performance, selections were made among the 1001ines and the 30 best lines were identified. 
The following year, remnant (S1) seed was recombined, via the bulk entry method. This 
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comprised 1 cycle of the modified S 1 recurrent selection program. Four cycles of selection 
were carried out in the manner described above within the BSP 1 and BSP2 populations. 
BSP4APC0 was developed by making a series of crosses between several germplasm 
sources categorized as amber pearl types within the Iowa State University popcorn breeding 
program. 
Experimental Preparation 
In the breeding nursery during the summer of 1999, crosses were made in a complete 
7X7 population diallel that included the recurrent selection cycles CO, C2, and C4 of the 
BSP 1(S) and BSP2(S) populations and the BSP4APC0 population as a nonrelated tester. 
Seed was also increased for the BSP 1 C 1, BSP2C 1, BSP 1 C3, and BSP2C3 populations 
separately, outside of the diallel in a nearby area. Approximately sixty pollinations per cross 
or population increase were made in an attempt to obtain 50 ears. Plants were harvested and 
ears that had poor seed set or disease problems were discarded. Within each cross or 
population increase, individual ears were shelled and an equal number of seeds were taken in 
order to generate 2 balanced bulks. Bulk 1 was treated with Captan® and packaged for 
planting. Bulk 2 was put into cold storage. 
During the summer of 2000, the experiment was planted and evaluated for various 
popping and agronomic traits across seven locations including three states; Indiana, Iowa, 
and Nebraska. The University of Missouri carried out a separate test for ECB resistance at 2 
locations in Missouri. 
Iowa State University supervised three of the seven popping and agronomic locations. 
The four remaining locations were supervised by popcorn seed and processing companies. 
The three experimental locations supervised by Iowa State University were; Ames, Ankeny, 
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and Kanawha, IA. The participating companies and experimental locations were the 
following; American Pop Corn Company of Sioux City, IA, Agricultural Alumni Seed of 
Romney, IN, Schlessman Seed Co. of Homer, NE, and Weaver Popcorn Company of New 
Richmond, IN. 
Experimental Design 
The experimental design at each location for the agronomic experiment was an 8 X 8 
columnar lattice with 4 replications. All plots within a location consisted of 2 rows, 5.49 m 
long with 0.76 m between rows except for the New Richmond, IN location, where plots were 
2 rows, 6.08 m long with 0.76 m between rows. All plots were machine planted and thinned 
if desired. Data were collected from all locations for machine harvestable grain yield (Mg 
ha 1 at 13 5 g kg-' grain moisture) except at the Sioux City, IA location where grain yield was 
measured as 75 % of total ear weight, stand (plants plot-1), and grain moisture (g kg 1). Root 
lodging (%plants leaning more than 30° from vertical at ground level) and stalk lodging (% 
plants broken below primary ear node) data were collected at Ames, IA, Ankeny, IA, 
Kanawha, IA, Romney, IN, and Homer, NE. Plant and ear height measurements (cm) were 
measured as the distance from the soil surface to the flag leaf and ear leaf node respectively. 
A measurement from an "average looking" plant from each row within a plot was measured 
and then averaged together to obtain a plant and ear height value for a plot. Plant and ear 
height measurements were collected at Ames, IA, Ankeny, IA, Sioux City, IA, and Homer, 
NE. Days to 50% silk emergence and pollen shed from July 1St were collected from the 
Ames, IA, Sioux City, IA, and Homer, NE locations. 
In order to minimize variability, all popcorn popping and quality evaluation was 
performed at Iowa State University. Seed was delivered, either machine or hand harvested, 
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depending on location, from whole plots within reps or from individual rows within plots 
within reps. Whole plot samples from individual reps were delivered from the Sioux City, 
IA, New Richmond, IN, and Homer, NE locations. If more than one replication was 
received, the average of the plot values from the replications were used in the final analysis. 
Samples collected for popping from the Ames, IA, Ankeny, IA, Kanawha, IA, and 
Romney, IN locations were taken from each individual row within a plot from the 4th 
replication. Approximately eight ears were taken at random from each row within each g-
row plot. Ears obtained from the left row of each plot were labeled group "A" and ears taken 
from the right row were labeled group "B". The average for each plot obtained from the 
mean of each group "A" plot and "B" plot was used as the value for the final analysis. 
After receiving and shelling, all samples were cleaned and placed into a temperature 
and moisture controlled room at 21.1 ° C and 70% relative humidity for at least six weeks in 
order to condition the popcorn to 13 S g per kg (13.5 %) moisture. Popcorn should be 
conditioned to 13 5 g per kg moisture in order to insure maximum popping expansion (Ziegler 
2001). 
ECB resistance trials conducted by the University of Missouri were planted at 
Columbia and Marshall, MO in a randomized complete block design with 3 replications and 
1 row per plot (7.6m. long). The first 6 plants in each row were infested with approximately 
120 to 160 ECB larvae. After 45 days of feeding, a rating was given to each plot based on 
the Guthrie ECB feeding scale (Guthrie, 1960). The Guthrie scale rates leaf feeding damage 
on a 1 to 9 scale: 
Class 1. No visible leaf injury or a small amount of pin or fine shot-hole type of injury on 
a few leaves. 
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Class 2. Small amount of shot-hole type lesions on a few leaves. 
Class 3. Shot-hole injury common on several leaves. 
Class 4. Several leaves with shot-hole and elongated lesions. 
Class 5. Several leaves with elongated lesions. 
Class 6. Several leaves with elongated lesions (about 1 inch). 
Class 7. Long lesions common on about one-half of the leaves. 
Class 8. Long lesions common on about two-thirds of the leaves. 
Class 9. Most of the leaves with long lesions. (Guthrie, W.D., 1960) 
Second generation infestation was done at the time of pollen shed. Again, 120 to 160 
larvae were applied to the last 6 plants in the row on the leaf sheath of the ear, a leaf sheath 
one internode above the ear, and a leaf sheath one internode below the ear. In mid 
September, 5 of the 6 infested plants were split and analyzed for 2"d generation ECB 
resistance. Second generation resistance was measured by counting the number and 
measuring the length (cm) of tunnels present in each individual plant stalk. Resistant and 
susceptible dent corn lines were used for controls. 
Popping Method 
A Cretors Metric Weight Volume Tester (C. Cretors and Co., Chicago, IL) popper 
equipped with amotor-driven stirrer, temperature gauge, wattmeter, and a graduated cylinder 
was used to pop all samples. Procedures for popping were the following: In order to insure 
proper kettle temperature and to avoid variation, two "warm-up" samples were popped 
before any samples from the experiment were run. A warm up sample consisted of 250 g of 
raw popcorn at room temperature with 0.1184 L of 100% Pure Mazola Corn Oil®. After the 
second "warm-up" pop was completed samples from the experiment were popped. First 
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0.1184 L of 100% Pure Mazola Corn Oil® was added to the kettle and heated to a 
temperature of 248.88° C. After proper heating, a 250 g popcorn sample was added and the 
lid was closed. As popping proceeded, the popped corn eventually forced the kettle lid to 
open and allowed the popped corn to fall into the cabinet and into the MWVT (Metric 
Weight Volume Tester) tube. When popping finished (at least 5 seconds elapsed between 
"pops") any remaining popped corn or unpopped kernels in the kettle were brushed from the 
kettle into the cabinet. All popped corn and unpopped kernels were then gently brushed into 
the MWVT measuring tube hanging from the bottom of the cabinet. Popping expansion was 
recorded by interpolating the "level point" on the popped corn column of the MWVT. After 
recording the popping expansion volume, a small sample was taken from the M~►TVT tube in 
order to visually rate the hull (a 1-5 rating scale with a 1 having the whole hull or large 
portions of the hull intact and a 5 having a well dispersed or no hull visible), flake type (a 1-5 
rating scale with a 1 having characteristics of a round ball or "mushroom" type flake and a 5 
having a flake with many appendages or a "butterfly" type flake appearance), and percentage 
mushrooming flakes (a visual estimation of the percentage of round ball or "mushroom" type 
flakes within a sample) for each sample. Other popcorn quality associated traits collected 
included kernels per l Og of raw popcorn (number of kernels g 1 of raw popcorn) and 
expansion per kernel (cc g~l), which is calculated by dividing total expansion of 250 g of raw 




Individual environment means were calculated according to an analysis for a 
columnar lattice. Entry means adjusted for the lattice block effect were used to compute an 
unwieghted analysis of variance combined over environments. 
The populations per se and population crosses were then separated into six unique 
groups based on the populations per se and their corresponding crosses. The six groups were 
the following: the BSP 1 population per se, BSP 1 Cn x BSP 1 CO, and BSP 1 CO x BSP 1 Cn 
population crosses; the BSP2 population per se, BSP2Cn x BSP2CO3 and BSP2C0 x BSP2Cn 
population crosses; the BSP 1 x BSP2, BSP 1 Cn x BSP2CO3 BSP 1 CO x BSP2Cn 
interpopulation crosses; the BSP2 x BSP 1, BSP2C0 x BSP 1 Cn, BSP2Cn x BSP 1 CO 
interpopulation crosses; the BSP 1 Cn x BSP4APC0 and BSP4APC0 x BSP 1 Cn 
interpopulation crosses; and the BSP2Cn x BSP4APC0 and BSP4APC0 x BSP2Cn 
interpopulation cross. Regression analysis similar to that used by Eberhart (1964) was then 
used to estimate response within each population per se or cross while fitting a common CO 
intercept for each group. Standard errors of the regression coefficients were found by taking 
the square root of the appropriate diagonal of the (X'W-1X)-1 matrix, where W is a matrix 
with the variances of the cycle means on the diagonal and zeros on the off diagonal. Only 
the linear regression coefficients were used to estimate the average rate of response per cycle. 
Percentage response was computed by dividing the average rate of response by its 
corresponding intercept and multiplying that value by 100. 
Lattice adjusted means for CO, C2, and C4, of BSP1 and BSP2 as well as the CO of 
BSP4AP were used in a diversity analysis described by Moll and Hanson (1984). This 
analysis uses data from the population per se and the population crosses in order to estimate 
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the total genetic distance (Dt), the additive-associated (Da) genetic distance, and the 
dominance-associated (Dd) genetic distance between populations. For Da to be greater than 
zero, there must be differences in frequencies of alleles between populations having additive 
effects. For Dd to be greater than zero, there must be dominance at the locus level and 
differences in allelic frequencies between populations. Da was estimated from the general 
combining ability effects (A;) in the following equation: Da = [n(A; — Al.)2 — 2(n —1)Sx 2 /n2]'iZ 
in which n is the number of parents in the diallel and SX is the variance of a population. Dd
was estimated from the specific combining ability effects (S;~): Dd = [ES(Sl~ — S;y)2 — 2(n2 — n 
+ 1)SX2/n]1~2. A modified principle component analysis described by Hanson and Moll 
(1986) was used to graphically depict the spatial relationship represented by the dominance- 
associated distances. 
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RESULTS AND DISCUSSION 
The fall of 2000 was very dry and as a result, popcorn in the field dried very quickly. 
Stress cracking, fracturing, of the pericarp may have lowered potential popping expansion 
volumes. Mean popping expansion for the experiment across all locations was 40.65 cc g-1. 
The experimental maximum was 42.54 cc g-1 and the minimum was 38.50 cc g 1. Means of 
the check entries, which included butterfly and mushrooming entries, across all locations 
ranged from 45.29 to 3 6.5 0 cc g 1. Kernels per 10 g were somewhat larger than what might 
have been expected. This was likely due to the hot and dry weather which was present at 
most locations during the seed filling stage. Flake type and hull rating were normal. Yield 
was average to above average. Mean grain yield .was 3.68 Mg/ha, and ranged from 2.92 to 
4.82 Mg/ha. Both short and full season varieties were included as check entries. Mean 
harvest moisture was 12.93% and ranged from 11.69 to 14.93%. The amount of root lodging 
varied based on location. While some locations experienced minor root lodging problems 
other locations had considerably more root lodging. Root lodging across all entries ranged 
from 1.26 to 17.62 plants per plot. The mean was 5.67 plants per plot. Stalk lodging 
problems were similar to root lodging. Stalk breakage ranged from 9.03 to 22.36 plants per 
plot. The mean was 13.61 broken plants per plot. Dropped ears were not a concern. The 
fast field dry-down, disease, and insect pressure had little effect on the plants ability to retain 
their ears. On average, pollen and silk dates were within a two to three day range of each 
other. Pollen shed lasted for 4 to 5 days. Ample pollen was available so no seed set issues 
arose. There were no problems associated with plant and ear height. All plots developed at 
about the same rate with no signs of stunting or failure to develop. Results from the ECB 
26 
experiment revealed high levels of resistance to leaf feeding and tunnel number and length. 
These levels of resistance were unexpected. 
S 1 recurrent selection was effective in improving populations (direct response) and 
population crosses (indirect response) for popping expansion. Linear effects for expansion 
volume were significant (0.01) (Figure 8) within both populations per se and interpopulation 
crosses. Significant increases (0.01 and 0.05) were also observed for expansion volume in 
the crosses to the CO populations and in testcross combination with BSP4APC0. 
Estimated gains for popping expansion after 4 cycles of S1 recurrent selection were 
0.64 ~ .08 cc g' (or 1.63%) cycle 'for the BSP1 population, 0.61 f 08 cc g' (or 1.52%) 
cycle 1 for the BSP2 population, 0.65 f U9 cc g ~ (or 1.64%) cycle 1 for the BSP1Cn x 
BSP2Cn interpopulation crosses, and 0.63 f .09 cc g' (or 1.60%) cycle 1 for the BSP2Cn x 
BSP1Cn interpopulation crosses (Table 8). Increases in popping expansion remained 
constant throughout a114 cycles with no signs of diminishing. 
Estimated gains in the populations crossed to the CO and tester population were about 
a third to a half of what was observed in the populations per se. This indicates that there was 
an increase in the number of favorable alleles for popping expansion. When comparing the 
rate of gain in BSP1 and BSP2 when crossed to BSP4APC0, it was observed that BSP1 x 
BSP4APC0 had a higher rate of gain than BSP2 X BSP4APC0. This maybe evidence that 
Amber Pearl types (BSP4APC0) combine better with South American types (BSP1) than 
with Supergold types (BSP2) for increased popping expansion. 
Doffing et al. (1991) suggested that breeding methodologies that exploit additive 
genetic variation associated with expansion volume would most likely result in improvement 
in popping expansion. Our results agree. Little evidence of heterosis or dominance effects 
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was found for popping expansion between these three populations. The diversity analysis 
and analysis of variance for GCA and SCA further confirmed these findings. Every cross 
illustrated additive based distances, while only one cross illustrated dominance-associated 
distances. Highly significant (0.01) GCA effects and no evidence for SCA effects were 
observed in an analysis of variance. 
Other popping characteristics were shifted as well. A flake with many appendages, or 
what is termed "butterfly" type by popcorn breeders, will contribute to an increase in 
popping expansion over the mushroom type of flakes. In this experiment selection resulted 
in larger flakes, butterfly flakes. Therefore, changes in popping expansion are expected to be 
somewhat correlated with changes in flake type when butterfly and mushroom flakes are 
both present. Slight improvement in the direction for larger flakes, was observed within both 
the populations per se. B SP 1 increased at a rate of .09 ~ 0.06 per cycle and B SP2 increased 
0.08 ~ 0.06 per cycle. Within the interpopulation crosses, improvement was significant 
(0.05) for the BSP2 x BSP1, 0.18 ~ 0.06, while BSP1 x BSP2 improved at a rate of 0.10 ~ 
0.06 per cycle (Table 10). Percentage gains against mushroom flakes ranged from 2.28% to 
5.54% within the BSPI, BSP2, BSP1 x BSP2, and BSP2 x BSPl populations. Gains in 
crosses to the tester BSP4APC0, were similar to the gains listed above. These gains were 
unexpected due to the high percentage of butterfly flakes already present within the 
populations before selection. 
Much like expansion, flake type seemed to have primarily additive-associated genetic 
effects. Results from an analysis of variance confirmed these findings with the GCA effects 
being highly significant. 
28 
The hull rating (amount of pericarp visually present after popping) reflected 
improvement as well. Hull rating significantly improved in the BSP1 (0.05) per se and the 
BSP1 X BSP2 (0.05) and BSP2 x BSP1 (0.01) interpopulation crosses (Table 11). The hull 
rating shifted from 2.78 to 3.36 within BSP1 (5.07%), and from 2.64 to 3.36 within BSP2 
(3.97%). Improvement in the interpopulation crosses ranged from 2.43 to 3.29 (6.90%) and 
2.57 to 3.43 (6.93%) in the reciprocal BSP1 x BSP2 and BSP2 x BSPl interpopulation 
crosses respectively (Table 11). These gains were unexpected as well due to the high level of 
quality present within these populations before selection. 
Estimation of genetic effects for hull rating revealed that additive and dominance- 
associated distances both played a role. An analysis of variance revealed significant effects 
for both GCA (0.05) and SCA (0.01) (Table 2). Both effects seem to be equally contributing 
to the changes in the hull rating. 
The percentage of mushrooming flakes was reduced as expected since selection was 
in the direction of butterfly type flakes. Mushrooming varieties generally have smaller 
popping expansion values due to the fact that their round ball flakes pack together more 
tightly in the MWVT measuring tube leaving less space between flakes, unlike butterfly type 
varieties which typically leave large gaps or voids of space between flakes. A sizable change 
in the percentage of mushrooming flakes was not expected because both populations were 
classified as "butterfly" type populations and therefore had only a small percentage of 
mushrooming flakes present in the original populations. 
The percentage of mushrooming flakes was significantly (0.05) reduced in the BSP1 
population per se and slightly reduced in the BSP2 population. The percentage of 
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mushrooming flakes was significantly (0.01) reduced in the BSP1 x BSP2 and BSP2 x BSP1 
interpopulation crosses (Table 12). 
Control of the mushrooming trait in popcorn seemed to have large additive and 
dominance-associated gene effects. As expected, a plot of the diversity analysis revealed that 
both populations converged or became more similar as a result of selection. 
Kernels per 10 g of raw popcorn significantly increased in the BSP1 population (0.01 
level) 3.75 ± 0.42 kernels per cycle, was reduced in the BSP2 per se 0.53 ± 0.42, significantly 
increased (0.05) in the BSP2 x BSP1 1.15 ± 0.46 and slightly increased in BSP1 x BSP2 0.09 
± 0.46 kernels per cycle in the interpopulation crosses. Kernels per 10 g increased in the 
BSP1 testcrosses to BSP4APC0 and decreased in the BSP2 testcrosses to BSP4APC0. It is 
unclear why the kernel per 10 g count significantly increased in BSP1 but decreased in the 
BSP2 (Table 9). 
A measurement of diversity revealed additive and dominance effects for kernels per 
10 g of popcorn kernels. A plot of the dominance-associated distances illustrated a high level 
of divergence between the two populations, which had similar origins. The analysis of 
variance also confirmed the findings of the diversity analysis. Both GCA and SCA effects 
were found to be highly significant (0.01). 
Expansion per kernel was significantly reduced in the BSP1 and increased in the 
BSP2 populations per se. Expansion per kernel remained relatively unchanged in the BSP1 
x BSP2 and BSP2 x BSP1 interpopulation crosses and testcrosses (Table 13). Expansion per 
kernel data are used to aid in selection of large kernel lines. The standard selection 
procedure used in cycle 1 to cycle 3 in the BSP1 population was to pop a 30 g sample of 
popcorn and make selections based purely on the expansion value with no regard to kernel 
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size or weight. The main problem with this method is that kernel size and weight are 
variable in popcorn so samples with small kernels have an advantage over those with large 
kernels because those with small kernels have a larger number of kernels that could 
potentially pop and result in higher popping expansion values. Over time, selections based 
solely on popping expansion can lead to a reduction in kernel size due to the fact that there is 
an increase in the number of kernels being popped in one sample compared to another. 
Using expansion per kernel data can aid in selecting large kernel lines with larger flakes that 
may have otherwise been discarded. The decrease in expansion per kernel in BSP1 can most 
likely be attributed to the fact that selection for expansion per kernel was not taken into 
consideration during the first three cycles of the BSPI recurrent selection program. 
Estimated genetic effects for expansion per kernel were very similar to those for 
popping expansion. The trait seems to have mostly additive type effects with no crosses 
illustrating dominance-associated distances. 
Grain yield was not a trait of selection at anytime during the S 1 recurrent selection 
program, therefore changes observed in grain yield are indirect and result from selection for 
expansion and improved agronomic traits. Grain yield declined slightly in the BSP1 
population and increased slightly in the BSP2 and interpopulation crosses (Table 14). These 
changes were non-significant. Due to the selection for, and high importance of popping 
expansion within this program, larger declines in grain yield were expected. Doffing et. al. 
(1991) found that expansion volume was negatively correlated with yield and components of 
grain yield. More specifically, expansion volume appeared to be negatively correlated with 
grain yield, ear length, ear diameter, and 50-kernel weight. Another possible explanation for 
a yield reduction in BSP1 and not in BSP2 maybe due to the indirect selection for smaller 
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kernel size in BSPI, which may have occurred until the third cycle of the program. Samples 
with smaller kernels may not contribute to yield in the same way that a sample with larger 
kernels might, therefore possibly reducing the yielding capability of BSP1. 
Grain yield remained fairly similar for the BSPl x BSP2 and BSP2 x BSPl 
population crosses. Somewhat higher yields were observed in the crosses to the tester. 
Evidence for heterosis seemed to be apparent for grain yield in crosses to the tester 
(BSP4APC0) population. 
The diversity analysis reflected additive-associated distances with respect to grain 
yield in almost every cross. Dominance-associated distances were only found in the crosses 
involving BSP4APC0. These results are in agreement with Doffing et al. (1991) when it was 
suggested that dominance was present within popcorn for yield and that heterosis could be 
utilized for increased yields. 
There was very little change in harvest moisture. Harvest moisture declined slightly 
in the BSP1 population per se and increased in the BSP2 population. Neither change was 
significant. The largest increases in moisture were observed when BSP2 was used as the 
female in crosses although no measured increases were significant (Table 15). 
In the measurement of diversity, most crosses illustrated additive associated 
distances. Dominance-associated distances were only present in one cross (BSP2 with 
BSP4APC0). 
Selection was effective for reducing root lodging. Significant reductions were seen in 
the BSP1 and BSP2 populations per se, the BSP2 x BSP1, BSP2C0 x BSP1Cn, and BSP2Cn 
x BSP1C0 crosses. The largest decreases in root lodging were observed when BSP2 was 
used as the female and BSP1 used as the male (Table 16). 
32 
Additive and dominance associated distances were present within both populations. 
Stalk lodging was reduced in the populations per se and the interpopulation crosses 
but none of the decreases were found to be significant (Table 17). 
Additive and dominance associated distances were found to be present within both 
populations. A plot of the dominance-associated distances revealed that both populations 
shifted in opposite directions for both root and stalk lodging. 
There were very little to no changes observed for the number of dropped ears within 
both populations (Table 18). 
Pollen date decreased slightly in the BSPI population and increased in the BSP2 
population. Small reductions of the same magnitude were seen in the interpopulation crosses 
(Table 19). Silk date was reduced, although not significantly, in the BSP1 population, 
remained unchanged in the BSP2, and decreased in both the BSP1 x BSP2 and BSP2 x BSP1 
interpopulation crosses (Table 20). 
Both additive and dominance associated distances were present within both 
populations for pollen and silk date. The additive associated distances played a larger role 
than the dominance associated distances. 
Plant and ear height were reduced in both the BSP1 and BSP2 populations although 
the reductions were only significant in the BSP1 population per se. The largest reductions 
were observed between cycle 0 and 1. Plant height was reduced from 207.75 to 199.19 cm., 
while ear height changed from 121.10 to 115.74 cm (Tables 21 and 22). Plant height 
decreased more rapidly than ear height. In the interpopulation crosses, slight decreases in 
plant height and increases in ear height were observed in BSP1 x BSP2 while a small 
increase in plant and ear height were observed in BSP2 x BSPI. 
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The diversity analysis revealed large dominance-associated effects within both 
populations for plant and ear height. Additive-associated distances were present as well but 
were not as large as those associated with dominance. The plotted measurement of diversity 
based on the dominance associated distances illustrated that both populations diverged from 
their original base populations and from each other after selection. 
Very small increases in first generation European corn borer resistance were observed 
across cycles in BSP 1 and BSP2 but no steady trend was observed. Small decreases in 
resistance were observed in the population crosses. Changes in tunnel length and tunnel 
number were very small as well. When comparing the CO populations to the susceptible and 
tolerant check hybrids, both populations had a high level of resistance to first and second 
generation ECB before selection began (Tables 23, 24, and 25). Selection for greater 
resistance could be difficult given the high level of resistance already present within the CO 
of both populations. 
An analysis of variance for the diallel revealed that additive (GCA), dominance 
(SCA), and reciprocal (REC) effects were significant for many popping related traits. 
Additive type effects appear to be more important than dominance and reciprocal related 
effects. 
Analysis of Variance 
For popping expansion there were significant differences among the parents, general 
combining ability and reciprocal crosses. Among the parents, BSP 1 CO, BSP 1 C4, BSP2C2, 
and BSP2C4 contributed significantly to increases in popping expansion and BSP4APC0 had 
a significant effect for reduced popping expansion. From a general combining ability aspect, 
each parent except BSP4APC0 contributed significantly for increased popping expansion. 
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BSP 1 CO, BSP 1 C4, BSP2C4, and BSP4APC0 appear to be the main contributors to general 
combining ability. Many of the crosses with significant reciprocal effects involved BSP 1 C2 
and BSP2C2. BSP 1 C2 crossed with BSP2C2, BSP2C4, and BSP4APC0 had significant 
REC effects. Reciprocal effects were also observed in crosses of BSP2C2 with BSP 1 CO, 
BSP 1 C2, BSP2C4 and BSP4APC0. REC effects of the reciprocal crosses of BSP2C 1 
crossed with BSP2C4 were also significant. The finding of significant reciprocal effects for 
popping expansion implies that testing reciprocal crosses could be useful if the objective of 
the testing is to find the best popping hybrid. 
Kernels per 10 g, for all parents, parents vs. crosses, general, and specific combining 
ability differences were significant. Among the parents, BSP 1 C2 and BSP 1 C4 had the 
largest effects on kernels per 10 g. All parents from population BSP 1 had large contributions 
to general combining ability for kernels per 10 g when compared to the effects of parents 
from population BSP2. Among the crosses, BSP 1 CO x BSP 1 C2, BSP 1 C2 x BSP 1 C4, 
BSP 1 C4 x BSP2C2, and BSP 1 C2 x BSP4APC0 had the largest effects. 
For flake type, only effects for general combining ability were found. BSP1CO3 
BSP2CO3 BSP2C4, and BSP4APC0 were significant. For hull rating, general and specific 
combining ability effects were significant. In general combining ability terms, BSP1C4, 
BSP2C2, and BSP2C4 were all significant. For percent mushroom flakes, there were 
significant differences among the parents, general combining ability, and specific combining 
ability. The parents, BSP 1 CO, BSP2C2, and BSP2C4 were the most important. All parents 
were significant for general combining ability. The parents, BSP 1 CO and BSP 1 C2 were the 
largest contributors. 
35 
All popping traits revealed effects for general combining ability. This confirms 
results from the genetic distance analysis and the claim that popping expansion is primarily 
controlled by additive effects. Some traits did reveal significant effects for specific 
combining ability and perhaps this should be further investigated. What is interesting is the 
fact that some traits illustrated reciprocal effects but we are uncertain as to if there is a 
pattern as to how or why these effects developed. 
For yield, the parents, parents vs. crosses, and effects for general combining ability 
were significant. Among the parents, BSP 1 C4 and BSP4APC0 were significant for 
differences among parents. Among the parents, BSP 1 C2, BSP 1 C4, BSP2CO3 BSP2C4, and 
BSP4APC0 were significant for general combining ability. The BSP4APC0 population had 
the largest positive effect on yield among the three populations. 
For stalk breakage, there was significance for general combining ability. BSP 1 C2, 
BSP 1 C4, BSP2CO3 BSP2C4, and BSP4APC0 accounted for most of the variation. The 
greatest significance was observed in BSP 1 C4 and BSP2C4. 




The results of this study suggest that S 1 recurrent selection was effective for 
improving popping expansion in both populations per se (direct) and population crosses 
(indirect). Gains observed were in the desired direction for many popping quality and 
agronomic traits. Although expansions were lower in crosses to the BSP4APC0 population, 
this population illustrated some evidence of heterosis for yield and could be considered a 
plausible third popcorn heterotic group. There seems to be no reason to discontinue these S 1 
recurrent selection programs since there were no signs of diminishing gains for popping 
expansion. Within this study, additive type effects were predominant over dominance type 
effects for most traits studied. Estimation of genetic distances and analysis of variance for 
GCA and SCA revealed that additive-associated gene effects play larger roles in most of the 
traits studied and especially in those involving popping expansion although some of the 
popcorn quality traits. such as kernels per 10 g, hull rating, and percent mushroom flakes may 
be under some dominance type of control. The role of dominance within popcorn for 
popping expansion is minimal if any. Most of the agronomic traits evaluated also revealed 
additive type gene effects. Traits normally expected to be associated with dominance, such 
as yield and lodging traits, were, in this study, controlled primarily by additive type effects. 
This may have been a result of the somewhat close genetic relationship of the BSPl and 
BSP2 populations. In fact, both populations were developed by intermating commercial 
popcorn hybrids, so the standard popcorn heterotic patterns were mixed within both BSPl 
and BSP2 in their respective CO cycles. Little if any evidence for dominance within the 
37 
agronomic traits was observed. 
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APPENDIX 
The proceeding pages include an appendix of tables and figures collected from this 
experiment. 
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Table 2. Mean squares for popping expansion, kernels per 10 g, flake rating, hull rating, 









Geno x Env 
df Expansion Kernels/10 g 
6 2.24** 23.12** 
1 0.29 13.50** 
41 0.74** 7.56** 
6 4.17** 32.18** 
14 0.11 5.20** 
21 0.17** 2.10 

























*, * *Significant at the 0.05 and 0.01 probability levels, respectively. 
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Table 3. Mean squares for yield and moisture. 
Mean Square 
Source df Yield Moisture 
Parents 6 0.04* 0.14* 
Parents vs Crosses 1 0.32** 0.07 
Crosses 41 0.05** 0.18** 
GCA 6 0.26** 0.85** 
SCA 14 0.02 0.06 
REC 21 0.01 0.06 
Geno x Env 312 1.63 0.07 
*, * *Significant at the 0.05 and 0.01 probability levels, respectively. 
41 
Table 4. Mean squares for plant and ear height. 
Mean Square 
Source df Plant Height Ear Height 
Parents 6 31.68** 16.03 
Parents vs Crosses 1 0.33 25.43 
Crosses 41 11.45 6.92 
G CA 6 9.58 7.19 
SCA 14 9.41 5.68 
REC 21 13.34 7.66 
Geno x Env 256 8.20 8.06 
*, * *Significant at the 0.05 and 0.01 probability levels, respectively. 
42 
Table 5. Mean squares for dropped ears, pollen date, and silk date. 
Mean Square 
Source df Dropped Ears Pollen Date Silk Date 
Parents 6 0.06 1.08** 0.91 ** 
Parents vs Crosses 1 0.14 0.01 0.09 
Crosses 41 0.15 0.52** 0.83** 
GCA 6 0.27* 2.34** 3.95** 
SCA 14 0.14 0.35** 0.39* 
REC 21 0.11 0.12 0.24 
Geno x Env 104 0.11 0.14 0.20 
*, * *Significant at the 0.05 and 0.01 probability levels, respectively. 
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Geno x Env 
















*, * *Significant at the 0.05 and 0.01 probability levels, respectively. 
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Table 7. Mean squares for ECB 1, tunnel number, and tunnel length. 
Mean Square 
Source df ECB 1 Tunnel Number Tunnel Length 
Parents 6 0.60 0.79 0.74 
Parents vs. Crosses 1 0.08 0.03 0.01 
Crosses 41 0.30 0.34 0.30 
G CA 6 0.32 0.35 0.30 
SCA 14 0.16 0.29 0.22 
REC 21 0.40 0.37 0.35 
Geno x Env 62 0.51 0.53 0.73 
*, * *Significant at the 0.05 and 0.01 probability levels, respectively. 
45 
Table 8. Means over seven environments and least square estimates of response to SI




Check Cycle of Selec#ion 
Popu#ations per se and crosses 
BSP1 per se 
8SP2 per se 
BSP1 x BSP2 
BSP2 x BSP1 
Crosses 
BSP1 x BSP1 CO 
8SP1CO x BSP1 
BSP2 x BSP2C0 
BSP2C0 x BSP2 
BSP1 X BSP2C0 
8SP2C0 x BSP1 
8SP2 x BSP1C0 
BSP1C0 x BSP2 
BSP1 x BSP4APC0 
BSP4APC0 x BSP1 
BSP2 x BSP4APC0 






M 118 43.43 
90135 44.14 
ME328 45.11 




CO C1 C2 C3 C4 
38:61 40.25 40.79 41.11 41.57 
40.00 40.54 41.04 41.93 42.54 
39.57 41.18 42.21 
39.57 40.21 42.25 
38.61 39.96 40.11 
38.61 40.14 40.64 
40.00 41.11 40.82 
40 , 00 40.50 41.54 
39.57 40.96 41.21 
39.57 40.71 41.'!4 
39.57 40.11 40.68 
39.57 40.00 41.11 
39.46 39.46 40.93 
38.89 40.39 40.75 
39.32 39.39 40.21 
39.86 40.43 40.36 
abo is an estimate of CO mean and b~ is the estimate of the average rate of response per cycle. 
*, **Significant at the 0.05 and 0.01 probability levels, respectively. 
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Regression Coefficients 
SE b° b, %Gain 
0.29 39.23 0.64 ± 0.08** 1.63 
40.01 0.61 ± 0.08** 1.52 
39.70 0.65 ± 0.09** 1.64 














0.25 ± 0.09* 
0.37 ± 0.09** 
0.27 ± 0.09** 
0.35 ± 0.09** 
0.43 ± 0.09** 
0.46 ± 0.09** 
0.30 ± 0.09** 
0.31 ± 0.09** 
0.39 ± 0.09** 
0.44 ± 0.09** 
0.11 ± 0.09 














Table 9. Means over seven environments and least square estimates of response to St
recurrent selection for kernels per 10 g of BSP1(S) and BSP2(S) populations and crosses. 
Entry 
Mean of 
Check Cycle of Selection 
Populations per se and crosses 
BSP1 per se 
BSP2 per se 
BSP1 x BSP2 
BSP2 x BSP1 
Crosses 
BSP1 x BSP1C0 
BSP1 CO x BSP1 
BSP2 x BSP2C0 
BSP2C0 x BSP2 
BSP1 x BSP2C0 
BSP2C0 x BSP1 
BSP2 x BSP.1C0 
BSP1 CO x BSP2 
BSP1 x BSP4APC0 
BSP4APC0 x BSP1 
BSP2 x BSP4APC0 













CO C1 C2 C3 C4 
73.14 75.29 82.36 85.21 85.00 
75.36 78.79 75.86 74.79 74.14 
71.79 75.36 76.50 
72.57 77.29 76.79 
73.14 72.14 78.29 
73.14 74.00 78, 93 
75.36 77.14 74.71 
75.36 74.36 72.71 
71.79 75.86 77.43 
72.57 74.07 78.07 
72.57 74.36 74.36 
71.79 74.64 72.71 
73,21 74.14 75.43 
72.43. 78.86 75.64 
73.43 73.21 74.21 
74.00 75.36 - 69.71 
abo is an estimate of CO mean and bi is the estimate of the average rate of response per cycle. 
*, **Significant at the 0.05 and 0.01 probability levels, respectivel 
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Regression Coefficients



















3.75 ± 0.42** 
-0.69 ± 0.42 
0.94 ± 0.46 
1.15 ~ 0.46* 
1.17 ± 0.43* 
1.49 ± 0.43** 
-0.51 ± 0.43 
-1.18 ± 0.43* 
1.17 ± 0.46* 
1.08 ± 0.46* 
0.37 ± 0.46 
0.11 ± 0.46 
0.42 ± 0.42 
0.94 ± 0.42* 
-0.09 ± 0.42 


















Table 10. Means over seven environments and least square estimates of response to S1
recurrent selection for flake type (1-5) of BSP1(S) and BSP2(S) populations and crosses. 
Entry 
Mean of 
Check Cycle of Selection 
Populations per se and crosses 
BSP1 per se 
BSP2 per se 
BSP1 x BSP2 
BSP2 x BSP1 
Crosses 
BSP1 x BSP1 CO 
BSP1CO x BSP1 
BSP2 x BSP2C0 
BSP2C0 x BSP2 
6SP 1 x BSP2C0 
SSP2C0 x BSP 1 
6SP2 x SSP1 CO 
SSP1 CO x BSP2 
BSP1 x gSP4APC0 
BSP4APC0 x BSP1 
BSP2 x BSP4APC0 













CO C1 C2 C3 C4 
3.29 3.50 3.79 3.71 3.71 
3,71 3.43 3.71 3.79 3.79 
2.86 3.64 3.50 
3.21 3.64 3.93 
3.29 3.50 3.50 
3.29 3.57 3.43 
3.71 3.57 4.00. 
3.71 3.36 3.50 
2.86 3.71 3.36 
3.21 3.36 3.36 
3.21 3.36 3.50 
2.86 3.64 3.64 
3.43 3.71 4.21 
3.43 3.50 3.29 
3.29 3.43 3.64 
3.43 3.79 3.57 
abo is an estimate of CO mean and bl is the estimate of the average rate of response per cycle. 
*, **Significant at the 0.05 and 0.01 probability levels, respectively. 
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Regression Coefficients


















0.09 ± 0.06 
0.08 ± 0.06 
0.10 ± 0.07 
0.18 ± 0.07* 
0.02 ± 0.06 
0.01 ± 0.06 
0.11 ± 0.06 
-0.02 ± 0.06 
0.08 ± 0.07 
0.03 ± 0.07 
0.06 ± 0.07 
0.13 ± 0.07 
0.18 ± 0.06** 
-0.02 ± 0.06 
0.05 ± 0.06 


















Table 11. Means over seven environments and least square estimates of response to SI
recurrent selection for hull rating (1-5) of BSP1(S) and BSP2(S) populations and crosses. 
Entry 
Mean of 
Check Cycle of Selec#ion 
Populations per se and crosses 
SSP1 per se 
BSP2 per se 
BSP1 x BSP2 
8SP2 x BSP1 
Crosses 
BSP1 x BSP1CO 
BSP1 CO x gSP1 
BSP2 x 6SP2C0 
BSP2C0 x BSP2 
6SP1 x BSP2C0 
SSP2C0 x 6SP 1 
BSP2 x BSP1 CO 
BSP1C0 x BSP2 
BSP1 x SSP4APC0 
SSP4APC0 x 6SP1 
BSP2 x BSP4APC0 













CO C1 C2 C3 C4 
2.79 2.79 2.93 3.21 3.36 
2.64 2.71 3.21 2.86 3.36 
2.43 3.00 3.29 
2.57 3.29 3.43 
2.79 3.07 2.93 
2.79 2.79 2.79 
2.64 3.00 3.21 
2.64. 3.29 2.71 
2.43 3.00 3.07 
2.57 3.07 2.93 
2.57 3.00 3.29 
2,43 3.14 3.21 
2.93 2.29 2.86 
2.93 2.79 2.93 
2.64 2.64 3.21 
3.29 2.86 3.00 
a bo is an estimate of CO mean and bl is the estimate of the average rate of response per cycle. 
*, **Significant at the 0.05 and 0.01 probability levels, respectively. 
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Regression Coefficients


















0.14 ± 0.06* 
0.11 ± 0.06 
0.18 ± 0.06* 
0.19 ± 0.06** 
0.07 ± 0.06 
0.01 ± 0.06 
0.11 ± 0.06 
0.04 ± 0.06 
0.13 ± 0.06 
0.07 ± 0.06 
0.13 ± 0.06* 
0.17 ± 0.06* 
-0.04 ± 0.06 
0.02 ± 0.06 
0.05 ± 0.06 


















Table 12. Means over seven environments and least square estimates of response to S1




Check Cycle of Selection 
Populations per se and crosses 
BSP1 per se 
BSP2 per se 
BSP1 x BSP2 
BSP2 x BSP 1 
Crosses 
BSP1 x BSP1 CO 
BSP1 CO x BSP1 
BSP2 x BSP2C0 
8SP2C0 x BSP2 
BSP1 x BSP2C0 
BSP2C0 x BSP1 
8SP2 x BSP1C0 
BSP1C0 x BSP2 
BSP1 x BSP4APC0 
BSP4APC0 x BSP1 
BSP2 x BSP4APC0 













CO C1 C2 C3 C4 
11.07 7.86 3.21 1.07 3.93 
3.57 6.79 1.79 2.86 1.79 
20.71 3.93 5.00 
19,29 1.79 1.79 
11.07 2.86 3.21 
11.07 4.64 7.14 
3.57 2.14 4.64 
3.57 3.93 4.64 
20.71 5.36 7.86 
19.29 3.57 5.71 
19.29 8.93 2.86 
20.71 7.50 8.57 
5.36 7.86 0.00 
4.64 0.71 6.79 
19.93 3.57 4.64 
4.64 1.79 3.57 
abo is an estimate of CO mean and bj is the estimate of the average rate of response per cycle. 
*, **Significant at the 0.05 and 0.01 probability levels, respectively. 
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Regression Coefficients



















-1.63 ± 0.76* 
-0.53 ± 0.76 
-2.95 ± 0.84** 
-3.76 ± 0.84** 
-1.54 ± 0.79 
-0.57 ± 0.79 
-0.12 ± 0.79 
0.06 ± 0.79 
-2.23 ± 0.84* 
-2.80 ± 0.84** 
-2.83 ± 0.84** 
-1.87 ± 0.84* 
-0.72 ± 0.77 
-0.08 ± 0.77 
-1.85 ± 0.77* 


















Table 13. Means over seven environments and least square estimates of response to S1
recurrent selection for expansion per kernel (cc kernel') of BSP1(S) and BSP2(S) 
populations and crosses. 
Entry 
Mean of 
Check Cycle of Selection 
Populations per se and crosses 
BSP 1 per se 
BSP2 per se 
BSP1 x BSP2 
BSP2 x 8SP1 
Crosses 
BSP1 x BSP1C0 
BSP1 CO x BSP1 
BSP2 x BSP2C0 
BSP2C0 x BSP2 
BSP1 x BSP2C0 
BSP2C0 x BSP1 
BSP2 x BSP1C0 
BSP1C0 x BSP2 
BSP1 x BSP4APC0 
BSP4APC0 x BSP1 
BSP2 x BSP4APC0 













CO C1 ~C2 C3 C4 
5,29 5.37 4.97 4.85 4.92 
5.36 5.20 5.46 5.64 5.76 
5.54 5.48 5.56 
5.48 5.25 5.54 
5.29 5.56 5.15 
5.29 5.45 5.17 
5.36 5.34 5.52 
5.36 5.49 5.74 
5.54 5.47 5.36 
5.48 5.52 5.32 
5.48 5.42 5.49 
5.54 5.38 5.68 
5.43 5.35 5.45 
5.41 5.18 5.41 
5.39 5.42 5.45 
5.45 5.41 5.81 
ab~ is an estimate of CO mean and b~ is the estimate of the average rate of response per cycle. 
*, **Significant at the 0.05 and 0.01 probability levels, respectively. 
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Regression Coefficients


















-0.16 ± 0.03** 
0.13 ± 0.03** 
0.02 ± 0.04 
0.01 ± 0.04 
-0.04 ± 0.03 
-0.05 ± 0.03 
0.07 ± 0.03 
0.13 ± 0.03** 
-0.02 ± 0.04 
-0.01 ± 0.04 
0.01 ± 0.04 
0.03 ± 0.04 
0.01 ± 0.03 
-0.01 ± 0.03 
0.02 ± 0.03 


















Table 14. Means over seven environments and least square estimates of response to S1
recurrent selection for grain yield (Mg ha')of BSP1(S) and BSP2(S) populations and crosses. 
Entry 
Mean of 
Check Cycle of Selection 
Popula#ions per se and crosses 
BSP1 per se 
BSP2 per se 
BSP1 x BSP2 
BSP2 x BSP 1 
Crosses 
BSP1 x BSP1C0 
BSP1C0 x BSP1 
BSP2 x BSP2C0 
BSP2C0 x BSP2 
BSP1 x BSP2C0 
BSP2C0 x BSP1 
BSP2 x BSP1 CO 
BSP1 CO x BSP2 
BSP1 x BSP4APC0 
BSP4APC0 x BSP 1 
BSP2 x BSP4APC0 













CO C1 C2 C3 C4 
3.50 3.47 3.25 2.92 3.09 
3.52 3.44 3.53 3.49 3.55 
3.56 3.74 3.68 
3.52 3.62 3.55 
3.50 3.45 3.45 
3.50 3.54 3.57 
3.52 3.45 3.59 
3.52 3.56 3.64 
3.56 3.45 3.45 
3.52 3.46 3.45 
3.52 3.81 3.89 
3.56 3.75 3.68 
3.91 3.82 3.90 
3.78 4.06 3.90 
3.95 4.05 3.96 
3.84 3.95 4.14 
abo is an estimate of CO mean and bl is the estimate of the average rate of response per cycle. 
*, **Significant at the 0.0~ and 0.01 probability levels, respectively. 
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Regression Coefficients



















-0.14 ± 0.04** 
0.02 ± 0.04 
0.03 ± 0.04 
0.01 ± 0.04 
-0.04 ± 0.04 
0.01 ± 0.04 
0.02 ± 0.04 
0.04 ± 0.04 
-0.05 ± 0.04 
-0.03 ± 0.04 
0.09 ± 0.04* 
0.03 ± 0.04 
0.00 ± 0.04 
0.02 ± 0.04 
0.02 ± 0.04 


















Table 15. Means over seven environments and least square estimates of response to S1
recurrent selection for grain moisture (%) of BSP1(S) and BSP2(S) populations and crosses. 
En#ry 
Mean of 
Check Cycle of Selec#ion 
Popula#ions per se and crosses 
BSP1 per se 
BSP2 per se 
BSP1 x BSP2 
BSP2 x BSP1 
Crosses 
BSP1 x BSP1 CO 
BSP1C0 x BSP1 
BSP2 x BSP2C0 
BSP2C0 x BSP2 
BSP1 x BSP2C0 
BSP2C0 x BSP1 
BSP2 x BSP1C0 
BSP1C0 x BSP2 
BSP1 x BSP4APC0 
BSP4APC0 x 8SP 1 
BSP2 x BSP4APC0 
BSP4APC0 x BSP2 
Check 











CO C1 C2 C3 C4 
12.78 12.11 12.42 12.20 12.34 
12.66 12.80 12.96 13.02 13.14 
12.86 12.36 12.92 
12.78 12.80 13.46 
12.78 12.78 12.28 
12.78 12.67 12.88 
12.66 12.67 13.40 
12.66 13.13 13.21 
12.86 12.41 12.67 
12.78 12.40 12.59 
12.78 12.48 13.09 
12.86 13.04 ~ 2.73 
13.24 13.17 13.19 
13.58 12.93 13.26 
13.67 12.78 14.13 
13.46 13.29 13.54 
abo is an estimate of CO mean and b~ is the estimate of the average rate of response per cycle. 
*, **Significant at the 0.05 and 0.01 probability levels, respectively. 
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Regression Coefficients


















-0.10 ± 0.08 
0.13 ± 0.08 
0.01 ± 0.08 
0.22 ± 0.08* 
-0.04 ± 0.08 
0.06 ± 0.08 
0.15 ± 0.08 
0.16 ± 0.08* 
-0.03 ± 0.08 
0.00 ± 0.08 
0.11 ± 0.08 
0.04 ± 0.08 
-0.04 ± 0.08 
-0.05 ± 0.08 
0.10 ± 0.0$ 


















Table 16. Means over seven environments and least square estimates of response to S~ 
recurrent selection for root lodging of BSP1(S) and BSP2(S) populations and crosses. 
En#ry 
Mean of 
Check Cycle of Selec#ion 
Populations per se and crosses 
BSP1 per se 
BSP2 per se 
BSP1 x BSP2 
BSP2 x BSP 1 
Crosses 
BSP 1 x BSP 1 CO 
BSP1 CO x BSP1 
BSP2 x BSP2C0 
BSP2C0 x BSP2 
BSP1 x BSP2C0 
BSP2C0 x BSP1 
BSP2 x BSP1 CO 
BSP1C0 x BSP2 
BSP1 x 8SP4APC0 
BSP4APC0 x BSP1 
BSP2 x 8SP4APC0 












A4 599 8.04 
CO C1 C2 C3 C4 
5.20 6.23 4.82 3.59 2.83 
8.21 5.10 6.94 2.34 3.55 
5.55 6.98 4.95 
8.91 6.49 3.68 
5.20 6.45 4.16 
5.20 6.08 4.32 
8.21 5.90 5.77 
8.21 5.94 4.14 
5.55 6.79 4.30 
8.91 4.56 5.01 
8.91 4.38 3.17 
5.55 6.63 4.04 
3.75 3.37 4.45 
4.90 5.62 5.41 
4.22 4.51 5.25 
6.38 6:63 4.41 
abo is an estimate of CO mean and bi is the estimate of the average rate of response per cycle. 
*, **Significant at the 0.05 and 0.01 probability levels, respectively. 
62 
Regression Coefficients


















-0.89 ~ 0.61 
-1.16 f 0.61 
-0.38 ± 0.67 
-1.00 t 0.67 
-0.46 ± 0.63 
-0.46 ~ 0.63 
-0.50 ~ 0.63 
-0.83 ~ 0.63 
-0.53 f 0.67 
-0.92 ± 0.67 
-1.31 ± 0.67 
-0.60 ± 067 
-0.06 ± 0.61 
0.36 ± 0.61 
-0.14 ± 0.61 


















Table 17. Means over seven environments and least square estimates of response to St
recurrent selection for stalk lodging of BSP 1(S) and BSP2(S) populations and crosses. 
Entry 
Mean of 
Check Cycle of Selection 
Popula#ions per se and crosses 
BSP1 per se 
BSP2 per se 
BSP1 x BSP2 
BSP2 x BSP 1 
Crosses 
BSP1 x BSP1C0 
BSP1C0 x BSP1 
BSP2 x BSP2C0 
BSP2C0 x BSP2 
BSP1 x BSP2C0 
BSP2C0 x BSP 1 
BSP2 x BSP 1 CO 
BSP1C0 x BSP2 
BSP1 x BSP4APC0 
SSP4APC0 x BSP1 
BSP2 x BSP4APC0 













CO C1 C2 C3 C4 
14.78 9.10 12.40 11.17 9.58 
15.92 12.45 13.45 11.30 12.00 
11.69 11.04 9.27 
14.26 12.54 11.80 
14.78 13.10 11.56 
14.78 16.12 10.88 
15.92 13.55 13.74 
15.92 11.15 11.99 
11.69 17.44 12.27 
14,26 12.25 13.30 
14.26 18.31 12.35 
11.69 13.73 12,06 
12,09 14.64 13..58 
14.74 17.72 12.95 
16.01 14.00 13.88 
15.49 15.02 11.81 
abo is an estimate of CO mean and bl is the estimate of the average rate of response per cycle. 
*, **Significant at the 0.05 and 0.01 probability levels, respectively. 
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Regression Coefficients



















-1.15 ~ 0.53* 
-0.71 ± 0.53 
-1.14 ± 0.59 
-0.89 ± 0.59 
-0.58 ± 0.55 
-0.42 ± 0.55 
-0.17 ± 0.55 
-0.76 ~ 0.55 
0.10 t 0.59 
-0.62 ± 0.59 
-0.20 t 0.59 
-0.31 t 0.59 
-0.13 ± 0.53 
0.05 ± 0.53 
-0.57 ± 0.53 


















Table 18. Means over seven environments and least square estimates of response to S1
recurrent selection for dropped ears of BSP1(S) and BSP2(S) populations and crosses. 
Entry 
Mean of 
Check Cycle of Selection 
Populations per se and crosses 
BSP1 per se 
BSP2 per se 
BSP1 x BSP2 
8SP2 x BSP1 
Grosses 
BSP1 x BSP1C0 
BSP1C0 x BSP1 
8SP2 x BSP2C0 
BSP2C0 x BSP2 
BSP 1 X BSP2C0 
BSP2C0 x BSP 1 
BSP2 x 8SP1 CO 
BSP 1 CO x BSP2 
BSP1 x BSP4APC0 
BSP4APC0 x BSP1 
BSP2 x BSP4APC0 













CO C1 C2 C3 C4 
0.63 0.58 1.03 0.82 0.78 
0.93 1.1 ~ 0.63 0.62 0.29 
0.61 0.00 0.30 
0.16 0.33 0.46 
0.63 0.51 0.32 
0.63 0.79 0.47 
0.93 1.13 1.24 
0.93 0.00 1.48 
0.61 0.45 0.78 
0.16 0.65 0.16 
0.16 0.53 1.15 
0.61 0.49 1.10 
0.91 0.32 0.00 
0,33 0.32 0.46 
1.36 0.31 0.45 
0,67 1.25 0.46 
abo is an estimate of CO mean and b~ is the estimate of the average rate of response per cycle. 
*, **Significant at the 0.05 and 0.01 probability levels, respectively. 
66 
Regression Coefficients 



















0.04 ± 0.10 
-0.09 ± 0.10 
-0.04 ± 0.11 
0.05 ± 0.11 
-0.10 ± 0.11 
-0.04 ± 0.11 
0.12 ± 0.11 
0.05 ± 0.11 
0.10 ± 0.11 
0.02 ± 0.11 
0.21 ± 0.11 
0.17 ± 0.11 
-0.14 ± 0.10 
-0.05 ± 0.10 
-0.19±0.10 


















Table 19. Means over seven environments and least square estimates of response to Sl
recurrent selection for pollen date of BSP 1(S) and BSP2(S) populations and crosses. 
Entry 
Mean of 
Check Cycle of Selection 
Populations per se and crosses 
BSP1 per se 
BSP2 per se 
BSP1 x BSP2 
BSP2 x BSP 1 
Crosses 
8SP1 x BSP1 CO 
BSP1C0 x BSP1 
BSP2 x BSP2C0 
BSP2C0 x BSP2 
BSP 1 x 8SP2C0 
BSP2C0 x BSP1 
BSP2 x BSP1 CO 
BSP 1 CO x BSP2 
8SP1 x BSP4APC0 
BSP4APC0 x BSP 1 
BSP2 x BSP4APC0 













CO C1 C2 C3 C4 
11.59 11.63 11.27 11.78 11.31 
13.11 13.21 12.95 13.47 13.93 
12.21 12.88 11.49 
12.96 12.95 12.32 
11.59 11.95 12.31 
11.59 11.49 11.95 
13.11 13.39 12.45 
13.11 12.67 12.73 
12.21 11.95 11.15 
12.96 ~ 12.07 10.95 
12.96 12.26 12.75 
12.21 12.00 13.25 
12.24 '! 1.97 11.95 
12.83 11.51 11.87 
12.67 13.16 14.22 
12.69 13.43 13.9 8 
abo is an estimate of CO mean and bj is the estimate of the average rate of response per cycle. 
*, **Significant at the 0.05 and 0.01 probability levels, respectively. 
68 
Regression Coefficients



















-0.02 ± 0.11 
0.16 ± 0.11 
-0.12 ± 0.12 
-0.12 ± 0.12 
0.19 ± 0.12 
0.08 ± 0.12 
-0.09 ± 0.12 
-0.10 ± 0.12 
-0.28 ± 0.12* 
-0.48 ± 0.12** 
0.10 ± 0.12 
0.14 ± 0.12 
-0.13 ± 0.11 
-0.19 ± 0.11 
0.34 ± 0.11 ** 


















Table 20. Means over seven environments and least square estimates of response to S1
recurrent selection for silk date of BSP1(S) and BSP2(S) populations and crosses. 
E n#ry 
Mean of 
Check Cycle of Selection 
Populations per se and crosses 
BSP 1 per se 
BSP2 per se 
gSP1 x BSP2 
BSP2 x BSP1 
Crosses 
BSP1 x BSP1 CO 
BSP1C0 x BSP1 
BSP2 x 6SP2C0 
6SP2C0 x BSP2 
BSP1 x BSP2C0 
BSP2C0 x BSP1 
BSP2 x BSP1C0 
BSP 1 CO x BSP2 
BSP1 x 6SP4APC0 
BSP4APC0 x BSP1 
BSP2 x 6SP4APC0 













CO C1 C2 C3 C4 
13.97 13.93 13.34 13.62 13.37 
15.48 15.60 15.34 16.10 15.33 
14.68 14.80 13.62 
15.61 14.19 14.29 
13.97 14.33 14.29 
13.97 13.37 14.09 
15.48 15.53 14.80 
15.48 15.13 14.71 
14.68 14.24 13.07 
15.61 14.07 13.72 
15.61 14.46 15.90 
14.68 14.62 ~ 5.28 
14.06 14.54 14.00 
15.71 13.35 14.02 
15.33 16.00 17.05 
15.24 15.78 16.09 
abo is an estimate of CO mean and b~ is the estimate of the average rate of response per cycle. 
*, * *Significant at the 0.05 and 0.01 probability levels, respectively. 
~o 
Regression Coefficients


















-0.12 ± 0.13 
0.00 ± 0.13 
-0.25 ± 0.15 
-0.21 ± 0.15 
0.13 ± 0.14 
0.00 ± 0.14 
-0.17 ± 0.14 
-0.22 ± 0.14 
-0.42 ± 0.15* 
-0.33 ± 0.15* 
0.14 ± 0.15 
0.06 ± 0.15 
-0.16 ± 0.13 
-0.28 ± 0.13* 
0.43 ± 0.13** 


















Table 21. Means over seven environments and least square estimates of response to S1
recurrent selection for plant height (cm) of BSP1(S) and BSP2(S) populations and crosses. 
Entry 
Mean of 
Check Cycle of Selection 
Populations per se and crosses 
BSP1 per se 
BSP2 per se 
8SP1 x BSP2 
BSP2 x BSP1 
Crosses 
BSP1 x BSP1 CO 
BSP1 CO x BSP1 
BSP2 x BSP2C0 
BSP2C0 x BSP2 
BSP1 x BSP2C0 
BSP2C0 x BSP 1 
BSP2 x BSP1C0 
BSP 1 CO x BSP2 
BSP1 x BSP4APC0 
BSP4APC0 x BSP1 
BSP2 x BSP4APC0 













CO C1 C2 C3 C4 
207.75 199.19 196.00 196.74 193.71 
202.32 198.91 199.37 197.76 193.22 
198.06 194.48 197.49 
199.27 206.33 202.83 
207.75 205.32 195.90 
207.75 199.78 198.10 
202.32 198.54 198.80 
202.32 200.91 195.67 
198.06 200.53 200.63 
199.27 197.80 195.94 
199.27 201.28 19$.76 
198.06 203.08 199.54 
198.98 199.90 197.83 
193.54 205.40 201.81 
200.78 204.21 203.74 
200.62 195.09 201.77 
abo is an estimate of CO mean and b~ is the estimate of the average rate of response per cycle. 
*, **Significant at the 0.05 and 0.01 probability levels, respectively. 
72 
Regression Coefficients
SE b° b, %Gain 
2.86 205.42 -3.27 ± 0.84** 
202.19 -1.94 ± 0.84* 
198.60 -0.63 ± 0.93 
201.20 0.84 ± 0.93 
205.42 -1.92 ± 0.88* 
205.42 -2.03 ± 0.88* 
202.19 -1.04 ± 0.88 
202.19 -1.43 ± 0.88 
198.60 0.60 ± 0.93 
201.20 -1.39 ± 0.93 
201.20 -0.48 ± 0.93 
19$.60 0.64 ± 0.93 
197.80 0.22 ± 0.85 
197.80 1.56 ± 0.85 
200.01 1.17 ± 0.85 



















Table 22. Means over seven environments and least square estimates of response to S~ 
recurrent selection for ear height (cm) of BSP1(S) and BSP2(S) populations and crosses. 
En#ry 
Mean of 
Check Cycle of Selection 
Populations per se and crosses 
BSP1 _per se 
BSP2 per se 
BSP1 x BSP2 
BSP2 x BSP1 
Crosses 
BSP1 x BSP1 CO 
BSP1 CO x BSP1 
BSP2 x BSP2C0 
BSP2C0 x BSP2 
BSP1 x BSP2C0 
BSP2C0 x BSP1 
BSP2 x BSP1C0 
BSP 1 CO x BSP2 
BSP1 x BSP4APC0 
BSP4APC0 x BSP 1 
BSP2 x BSP4APC0 
BSP4APC0 x BSP2 
Check 











CO C1 C2 C3 C4 
121.10 115.74 111.26 109.35 109.59 
113.13 117.89 115.00 115.03 115.29 
115.39 118.08 116.66 
117.72 121.78 119.79 
121.10 115.55 115.44 
121.10 116.68 116.46 
113.13 121.28 114.07 
113.13 119.48 ~ '! 16.27 
115.39 112.96 113.82 
117.72 116.38 119.77 
117.72 114.51 117.97 
115.39 119.31 118.89 
114.41 116.65 114.04 
121.93 118.32 115.85 
117.44 119.64 118.71 
114.35 118.51 115.51 
abo is an estimate of CO mean and bi is the estimate of the average rate of response per cycle. 
*, **Significant at the 0.05 and 0.01 probability levels, respectively. 
74 
Regression Coefficients
SE b° b, %Gain 
2.84 118.71 -2.75 ± 0.84** -2.32 
117.03 -0.54 ± 0.84 -0.46 
116.03 0.33 ± 0.93 0.28 














-0.97 ± 0.87 
-0.65 ± 0.87 
-0.17 ± 0.87 
0.09 ± 0.87 
-0.75 ± 0.93 
0.48 ± 0.93 
-0.07 ± 0.93 
0.90 ± 0.93 
-1.07 ± 0.84 
-0.54 ± 0.84 
0.68 ± 0.84 














Table 23. Means over seven environments and least square estimates of response to S~ 




Check Cycle of Selection 
Populations per se and crosses 
BSP 1 per se 
BSP2 per se 
BSP 1 x BSP2 
BSP2 x BSP1 
Crosses 
BSP 1 x BSP 1 CO 
BSP 1 CO x BSP 1 
BSP2 x 8SP2C0 
BSP2C0 x BSP2 
BSP 1 x BSP2C0 
SSP2C0 x BSP1 
BSP2 x BSP 1 CO 
SSP 1 CO x BSP2 
BSP1 x BSP4APC0 
BSP4APC0 x BSP1 
BSP2 x BSP4APC0 













Mycogen 7250 3.83 
Pb3184 2.67 
Wf9 5.67 
Wf9xW 182e 4.33 
CO C1 C2 C3 C4 
2.83 3.00 2.67 3.33 2.83 
3.33 3.17 2.83 3.17 3.67 
3.17 3.17 3.00 
3.17 3.33 3.00 
2.83 3.00 3.00 
2.83 2.67 3,33 
3.33 3.33 3.00 
3.33 3.17 3.67 
3.17 2.83 3.00 
3.17 3.33 2.83 
3.17 3.33 2.50 
3.17 3.17 3.50 
3.17 3.00 3.00 
3.67 3.67 3.33 
3.50 3.00 3.33 
2.67 3.83 3.33 
abo is an estimate of CO mean and b~ is the estimate of the average rate of response per cycle. 
*, **Significant at the 0.05 and 0.01 probability levels, respectively. 
76 
Regression Coefficient 



















0.06 ± 0.05 
0.06 ± 0.05 
-0.01 ± 0.05 
-0.10 ± 0.05 
0.06 ± 0.05 
0.09 ± 0.05 
0.00 ± 0.05 
0.12 ± 0.05* 
-0.04 ± 0.05 
-0.13 ± 0.05* 
-0.20 ± 0.05** 
0.09 ± 0.05 
-0.13 ± 0.05* 
0.00 ± 0.05 
0.02 ± 0.05 


















Table 24. Means over seven environments and least square estimates of response to S~ 
recurrent selection for ECB tunnel number of BSP 1(S) and BSP2(S) populations and crosses. 
En#ry 
Mean of 
Check Cycle of Selec#ion 
Populations per se and crosses 
BSP1 per se 
BSP2 per se 
BSP 1 x BSP2 
BSP2 x BSP1 
Crosses 
BSP1 x BSP1 CO 
BSP1C0 x BSP1 
BSP2 x BSP2C0 
BSP2C0 x BSP2 
BSP1 x BSP2C0 
BSP2C0 x BSP 1 
BSP2 x BSP1C0 
BSP1C0 x BSP2 
BSP 1 x BSP4APC0 
BSP4APC0 x BSP1 
BSP2 x BSP4APC0 













Mycogen 7250 0.70 
Pb3184 0.97 
Wf9 2.67 
Wf9xW 182e 2.33 
CO C1 C2 C3 C4 
2.10 2.37 1.97 1.83 2.10 
2.67 2.63 2.63 2.53 2.50 
2.73 2.07 2.40 





































ab~ is an estimate of CO mean and b~ is the estimate of the average rate of response per cycle. 
*, **Significant at the 0.05 and 0.01 probability levels, respectively. 
~s 
Regression Coefficients



















-0.02 ± 0.05 
0.05 ± 0.05 
0.01 ± 0.05 
-0.04 ± 0.05 
0.10 ± 0.05 
-0.07 ± 0.05 
-0.02 ± 0.05 
-0.08 ± 0.05 
-0.05 ± 0.05 
0.02 ± 0.05 
-0.02 ± 0.05 
-0.06 ± 0.05 
-0.08 ± 0.05 
-0.11 ± 0.05* 
0.13 ± 0.05* 


















Table 25. Means over seven environments and least square estimates of response to S1




Check Cycle of Selec#ion 
Popula#ions per se and crosses 
BSP 1 per se 
BSP2 per se 
BSP1 x BSP2 
BSP2 x BSP1 
Crosses 
BSP1 x BSP1 CO 
BSP1 CO x BSP1 
BSP2 x BSP2C0 
BSP2C0 x BSPZ 
BSP1 x BSP2C0 
BSP2C0 x BSP1 
BSP2 x BSP1 CO 
BSP 1 CO x BSP2 
BSP1 x BSP4APC0 
BSP4APC0 x BSP1 
BSP2 x BSP4APC0 

















CO C1 C2 C3 C4 
6.43 8.09 5.84 s .42 5.33 
6.10 6.82 7.24 7.49 5.93 
7.2o s.42 6.39 
7.07 6.s2 6.48 
6.43 s.93 6.s6 
6.43 4.66 s.29 
6.10 3.43 7.87 
6.10 s.97 s.63 
7.20 4.78 s.67 
7.07 6.76 7.41 
7.07 s.76 s.97 
7.20 s.72 s.63 
s.72 4.40 6.18 
6.48 6.s6 4.28 
4.9s s.76 6.s6 
6.3s s.67 4.66 
abo is an estimate of CO mean and bi is the estimate of the average rate of response per cycle. 
*, **Significant at the 0.05 and 0.01 probability levels, respectively. 
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Regression Coefficients



















-0.32 ± 0.17 
0.29 ± 0.17 
-0.06 ± 0.19 
-0.06 ± 0.19 
-0.11 ± 0.17 
-0.49 ± 0.17* 
0.16 ± 0.17 
-0.04 ± 0.17 
-0.27 ± 0.19 
0.15 ± 0.19 
-0.24 ± 0.19 
-0.18±0.19 
-0.13 ± 0.17 
-0.30 ± 0.17 
0.18 ± 0.17 


















Table 26. Estimated distances for popping expansion between populations based on 
additive-associated (above diagonal) and dominance-associated (below diagonal) genetic 




Population CO C2 C4 
BSP1(S)CO 2.534"* 3.723'''` 
BSP1(S)C2 -- 1.179" 
BSP1(S)C4 -- --
BSP2(S)CO -- 0.099 
BSP2(S)C2 -- --
BSP2(S)C4 -- -- 0.594 
BSP4APC0 0.595 0.592 0.828 
























-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 
Principal Component 1 
BSP2 
CO C2 C4 
1.668** 2.554** 4.587** 
0.852 -- 2.047** 











-~-- BS P 1 
-~--BSP2 
BSP4APC0 
Figure 1. Plot of population values, relative to the first two principal axis from a modified 
principle coordinate analysis, which reflect either divergence or convergence for popping 
expansion due to dominance-associated gene effects in BSP1, BSP2, and BSP4APC0. 
82 
Table 27. Estimated distances for kernels per 10 g between populations based on additive-
associated (above diagonal) and dominance-associated (below diagonal) genetic effects 
following 4 cycles of S1 recurrent selection within the BSP1 and BSP2 popcorn populations. 
Mean Square 
Source df Root Lodging Stalk Lodging 
Parents 6 3.87 5.57 
Parents vs Crosses 1 0.13 0.09 
Crosses 41 1.38 4.45 
G CA 6 3.01 7.81 
S CA 14 1 .03 3.37 
REC 21 1.15 4.22 
Geno x Env 252 4.22 3.26 
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Principal Component 1 
—+— BS P 1 
~--BSP2 
BSP4APC0 
Figure 2. Plot of population values, relative to the first two principal axis from a modified 
principle coordinate analysis, which reflect either divergence or convergence for kernels per 
10 g due to dominance-associated gene effects in BSPl, BSP2, and BSP4APC0. 
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Table 28. Estimated distances for flake type between populations based on additive-
associated (above diagonal) and dominance-associated (below diagonal) genetic effects 
following 4 cycles of S1 recurrent selection within the BSP1 and BSP2 popcorn populations. 
Population 
BSP1 BSP2 BSP4APC0 
Population CO C2 C4 CO C2 C4 BSP4APC0 
BSP1(S)CO 0.531 0.489 0.109 0.475 0.667 0.350 
BSP1(S)C2 -- -- 0.378 -- 0.090 0.144 
BSP1(S)C4 -- -- 0.336 -- 0.144 0.090 
BSP2(S)CO 0.214 -- -- 0.322 0.517 0.191 
BSP2(S)C2 -- -- -- -- 0.160 0.069 
BSP2(S)C4 -- -- -- -- -- 0.294 
BSP4APC0 -- -- --
















-0.6 -0.4 -0.2 0 0.2 0.4 0.6 
Principal Component 1 
-~- BS P 1 
~- BS P2 
BSP4APC0 
Figure 3. Plot of population values, relative to the first two principal axis from a modified 
principle coordinate analysis, which reflect either divergence or convergence for flake type 
due to dominance-associated gene effects in BSP 1, BSP2, and BSP4APC0. 
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Table 29. Estimated distances for hull rating between populations based on additive-
associated (above diagonal) and dominance-associated (below diagonal) genetic effects 
following 4 cycles of S1 recurrent selection within the BSP1 and BSP2 popcorn populations. 
Population 
BSP1 BSP2 BSP4APC0 
Population CO C2 C4 CO C2 C4 BSP4APC0 
BSP1(S)CO -- 0.558 -- 0.435 0.558 
BSP1(S)C2 0.545 0.476 0.045 0.351 0.476 0.129 
BSP1(S)C4 -- -- 0.586 0.072 -- 0.640 
BSP2(S)CO -- 0.322 -- 0.462 
BSP2(S)C2 0.281 -- -- 0.517 
BSP2(S)C4 -- 0.341 -- 0.640 
BSP4APC0 0.165 0.381 --


























-0.6 -0.4 -0.2 0 0.2 0.4 0.6 
Principal Component 1 
Figure 4. Plot of population values, relative to the first two principal axis from a modified 
principle coordinate analysis, which reflect either divergence or convergence for hull rating 
due to dominance-associated gene effects in BSP 1, BSP2, and BSP4APC0. 
Table 30. Estimated distances for percent mushroom flakes between populations based on 
additive-associated (above diagonal) and dominance-associated (below diagonal) genetic 




Po ulation CO C2 C4 
BSP1(S)CO 12.488** 11.130** 
BSP1(S)C2 9.802** 0.423 
BSP1(S)C4 5.128** --
BSP2(S)CO 18.678** 12.361 ** 12.404** 
BSP2(S)C2 10.728** -- --
BSP2(S)C4 9.805** -- --
BSP4APC0 5.788** -- --

















CO C2 C4 
0.899 12.488** 11.877** 
10.913** -- --
9.552** 0.423 --
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--~— BSP 1 
—~--BSP2 
BSP4APC0 
Figure 5. Plot of population values, relative to the first two principal axis from a modified 
principle coordinate analysis, which reflect either divergence or convergence for hull rating 
due to dominance-associated gene effects in BSP1, BSP2, and BSP4APC0. 
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Table 31. Estimated distances for popping expansion per kernel between populations based 
on additive-associated (above diagonal) and dominance-associated (below diagonal) genetic 
effects following 4 cycles of S1 recurrent selection within the BSPI and BSP2 popcorn 
populations. 
Population 
BSP1 BSP2 BSP4APC0 
Population CO C2 C4 CO C2 C4 BSP4APC0 
BSP1(S)CO 0.282 0.406 0.096 0.010 0.521 
BSP1(S)C2 0.399 0.109 0.395 0.340 0.809 0.293 
BSP1(S)C4 0.276 0.031 0.519 0.464 0.932 0.418 
BSP2(S)CO -- 0.383 0.395 -- 0.409 0.083 
BSP2(S)C2 -- 0.383 0.330 -- 0.463 
BSP2(S)C4 -- 0.326 0.290 -- -- 0.509 
BSP4APC0 0.078 0.291 0.321 --
















Expansion per Kernel 
C2 
C4 ~ CO 
CO 
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-0.4 -0.2 0 0.2 0.4 
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--~--BSP2 
BSP4APC0 
Figure 6. Plot of population values, relative to the first two principal axis from a modified 
principle coordinate analysis, which reflect either divergence or convergence for expansion 
per kernel due to dominance-associated gene effects in BSP1, BSP2, and BSP4APC0. 
~~ 
Table 32. Estimated distances for grain yield between populations based on additive-
associated (above diagonal) and dominance-associated (below diagonal) genetic effects 
following 4 cycles of S1 recurrent selection within the BSP1 and BSP2 popcorn populations. 
Population 
BSP1 
Population CO C2 C4 




BSP2(S)C2 -- 0.271 0.303 
BSP2(S)C4 0.311 0.522 0.601 
BSP4APC0 0.452 0.692 0.755 
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-~- BSP2 
C2 C4 BSP4APC0 
CO 
-0.6 -0.4 -0.2 0 0.2 0.4 0.6 
Principal Component 1 
Figure 7. Plot of population values, relative to the first two principal axis from a modified 
principle coordinate analysis, which reflect either divergence or convergence for grain yield 
due to dominance-associated gene effects in BSP 1, BSP2, and BSP4APC0. 
88 
Table 33. Estimated distances for grain moisture between populations based on additive-
associated (above diagonal) and dominance-associated (below diagonal) genetic effects 
following 4 cycles of S1 recurrent selection within the BSP1 and BSP2 popcorn populations. 
Population 
BSP1 
Population CO C2 C4 
BSP 1(S)CO 0.651 0.364 
BSP1(S)C2 -- 0.247 
BSP1(S)C4 -- --
BSP2(S)CO -- -- --
BSP2(S)C2 -- -- --
BSP2(S)C4 -- -- --
BSP4APC0 -- -- --
BSP2 
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Figure 8. Plot of population values, relative to the first two principal axis from a modified 
principle coordinate analysis, which reflect either divergence or convergence for grain 
moisture due to dominance-associated gene effects in BSP1, BSP2, and BSP4APC0. 
89 
Table 34. Estimated distances for root lodging between populations based on additive-
associated (above diagonal) and dominance-associated (below diagonal) genetic effects 
following 4 cycles of S1 recurrent selection within the BSP1 and BSP2 popcorn populations. 
Population 
BSP1 BSP2 BSP4APC0 
Population CO C2 C4 CO C2 C4 BSP4APC0 
BSP1(S)CO -- 1.976** 1.842** 1.664** 1.614** 0.805 
BSP1(S)C2 -- 2.122** 1.691 ** 1.509** 1.766** 1.002 
BSP1(S)C4 -- -- 4.205** 4.047** -- --
BSP2(S)CO -- -- -- -- 3.881 ** 3.246** 
BSP2(S)C2 -- -- -- -- 3.721 ** 3.084** 
BSP2(S)C4 -- -- --
BSP4APC0 -- -- --
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Figure 9. Plot of population values, relative to the first two principal axis from a modified 
principle coordinate analysis, which reflect either divergence or convergence for hull rating 
due to dominance-associated gene effects in BSP1, BSP2, and BSP4APC0. 
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Table 35. Estimated distances for stalk lodging between populations based on additive-
associated (above diagonal) and dominance-associated (below diagonal) genetic effects 
following 4 cycles of S1 recurrent selection within the BSPI and BSP2 popcorn populations. 
Population 
BSP1 
Population CO C2 C4 
BSP1(S)CO -- 4.282'`* 
BSP1(S)C2 -- 4.471** 
BSP1(S)C4 -- --
BSP2(S)CO -- -- --
BSP2(S)C2 -- -- --
BSP2(S)C4 -- -- --
BSP4APC0 -- -- --
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Figure 10. Plot of population values, relative to the first two principal axis from a modified 
principle coordinate analysis, which reflect either divergence or convergence for stalk 
lodging due to dominance-associated gene effects in BSPI, BSP2, and BSP4APC0. 
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Table 36. Estimated distances for dropped ears between populations based on additive-
associated (above diagonal) and dominance-associated (below diagonal) genetic effects 
following 4 cycles of S1 recurrent selection within the BSP1 and BSP2 popcorn populations. 
Population 
BSP1 
Population CO C2 C4 
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Figure 11. Plot of population values, relative to the first two principal axis from a modified 
principle coordinate analysis, which reflect either divergence or convergence for dropped 
ears due to dominance-associated gene effects in BSP1, BSP2, and BSP4APC0. 
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Table 37. Estimated distances for pollen date between populations based on additive-
associated (above diagonal) and dominance-associated (below diagonal) genetic effects 









BSP1(S)C4 1.065 0.550 
BSP2(S)CO 1.212'' 0.644 1.162" 
BSP2(S)C2 -- 0.861 0.957 
BSP2(S)C4 0.974'` 0.610 0.513 
BSP4APC0 -- -- 0.855 
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Figure 12. Plot of population values, relative to the first two principal axis from a modified 
principle coordinate analysis, which reflect either divergence or convergence for pollen date 
due to dominance-associated gene effects in BSPl, BSP2, and BSP4APC0. 
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Table 38. Estimated distances for silk date between populations based on additive-associated 
(above diagonal) and dominance-associated (below diagonal) genetic effects following 4 








BSP2(S)C4 1.551"* 0.898 
BSP4APC0 --
BSP1 BSP2 BSP4APC0 
C2 C4 CO C2 C4 BSP4APC0 
1.669** 2.156** 0.469 1.242* 1.635** 1.250* 
0.429 2.192** 2.937** 3.327** 2.946** 
-- 2.678** 3.422** 3.811 ** 3.430** 
-- -- 0.707 1.109* 0.716 
-- -- 0.319 --
0.917 1.096* 0.553 1.774** 
0.308 
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Figure 13. Plot of population values, relative to the first two principal axis from a modified 
principle coordinate analysis, which reflect either divergence or convergence for silk date 
due to dominance-associated gene effects in BSP 1, BSP2, and BSP4AP'C0. 
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Table 39. Estimated distances for plant height between populations based on additive-
associated (above diagonal) and dominance-associated (below diagonal) genetic effects 
following 4 cycles of S1 recurrent selection within the BSP1 and BSP2 popcorn populations. 
Population 
BSP1 
Population CO C2 C4 
BSP1(S)CO 2.397** 8.535** 




BSP2(S)C4 7.769** 3.960** 4.510** 
BSP4APC0 11.650** 2.042** --
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2.434** 2.299** 4.396** 
-- -- 1.165* 
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Figure 14. Plot of population values, relative to the first two principal axis from a modified 
principle coordinate analysis, which reflect either divergence or convergence for plant height 
due to dominance-associated gene effects in BSP 1, BSP2, and BSP4APC0. 
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Table 40. Estimated distances for ear height between populations based on additive-
associated (above diagonal) and dominance-associated (below diagonal) genetic effects 
following 4 cycles of S1 recurrent selection within the BSPl and BSP2 popcorn populations. 
Population 
BSP1 
Population CO C2 C4 
BSP1(S)CO 4.734** 6.894** 
BSP1(S)C2 -- 1.558** 
BSP1(S)C4 
BSP2(S)CO --




CO C2 C4 
3.764** -- 1.280* 
4.905** 2.693** 
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Figure 15. Plot of population values, relative to the first two principal axis from a modified 
principle coordinate analysis, which reflect either divergence or convergence for ear height 
due to dominance-associated gene effects in BSPl, BSP2, and BSP4APC0. 
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Table 41. Estimated distances for ECB leaf feeding rating between populations based on 
additive-associated (above diagonal) and dominance-associated (below diagonal) genetic 




Population CO C2 C4 
BSP1(S)CO -- 0.098 
BSP1(S)C2 -- --
BSP1(S)C4 0.237 0.215 
BSP2(S)CO 0.374 0.185 --
BSP2(S)C2 0.446 0.605 --
BSP2(S)C4 0.546 0.384 0.414 
BSP4APC0 0.272 0.245 --
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Figure 16. Plot of population values, relative to the first two principal axis from a modified 
principle coordinate analysis, which reflect either divergence or convergence for ECB leaf 
feeding rating due to dominance-associated gene effects in BSP1, BSP2, and BSP4APC0. 
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Table 42. Estimated distances for ECB tunnel number between populations based on 
additive-associated (above diagonal) and dominance-associated (below diagonal) genetic 




Population CO C2 C4 
BSP1(S)CO 0.548 0.142 
BSP1(S)C2 0.200 0.382 
BSP1(S)C4 -- --
BSP2(S)CO 0.285 0.773 0.319 
BSP2(S)C2 0.907 -- 0.694 
BSP2(S)C4 --
BSP4APC0 0.908 0.630 0.184 
BSP2 
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Figure 17. Plot of population values, relative to the first two principal axis from a modified 
principle coordinate analysis, which reflect either divergence or convergence for ECB tunnel 
number due to dominance-associated gene effects in BSPl, BSP2, and BSP4APC0. 
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Table 43. Estimated distances for ECB tunnel length between populations based on additive-
associated (above diagonal) and dominance-associated (below diagonal) genetic effects 
following 4 cycles of S1 recurrent selection within the BSP1 and BSP2 popcorn populations. 
Population 
BSP1 BSP2 BSP4APC0 
Population CO C2 C4 CO C2 C4 BSP4APC0 
BSP1(S)CO 1.347* 0.520 1.192* 0.368 1.737** 1.298* 
BSP1(S)C2 1.853** 1.948** 2.586** 0.867 3.123** 
BSP1(S)C4 0.655 -- 0.567 1.017 1.133* 1.899** 
BSP2(S)CO 2.372** -- 1.818** 1.666** 0.453 2.538** 
BSP2(S)C2 4.195** 1.945** 2.354** 2.663** 2.206** 0.816 
BSP2(S)C4 -- 2.832** 2.093** 3.146** 4.01 ** 3.075** 
BSP4APC0 2.686** 1.541 ** 2.646** 2.019** 4.079** 3.728** 
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Figure 18. Estimated distances for popping expansion between populations based on 
additive-associated (above diagonal) and dominance-associated (below diagonal) genetic 
effects following 4 cycles of S1 recurrent selection within the BSP1 and BSP2 popcorn 
populations. 
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Table 44. Direct and indirect responses per cycle of selection expressed by the linear 




















Expansion per Kernel 
Populations and Crosses 
BSP1 BSP2 BSP1 x BSP2 
-3.59 0.66 0.95 
-0.73 0.15 0.54 
-0.79 1.03 0.07 
-13.80 -15.49 -5.50 
-8.20 -4.98 -8.35 
5.63 -10.98 -11.76 


























































Table 45. Correlation table for all traits evaluated in this experiment. 
Grain Root Stalk Dropped 
Yield Stand Moisture Lodging Lodging Ears 
Silk Pollen Plant Ear 














































0.23 0.30 1.00 
-0.04 -0.16 -0.01 1.00 
0.49 0.40 -0.11 0.11 1.00 
0.47 0.45 -0.06 0.05 0.93 1.00 
0.39 0.51 0.11 0.02 0.35 0.33 
0.29 0.22 -0.03 0.00 0.36 0.27 
-0.14 -0.07 -0.02 -0.18 -0.12 -0.02 
0.19 -0.01 0.13 -0.07 0.13 0.14 
-0.18 -0.06 -0.05 -0.13 -0.18 0.03 
-0.41 -0.11 -0.19 -0.23 -0.15 0.03 
0.01 0.09 0.11 0.22 0.25 -0.10 
-0.34 -0.02 0.01 -0.12 -0.03 0.02 
-0.71 -0.27 -0.39 -0.42 -0.37 0.05 
-0.01 0.02 0.19 0.19 0.30 -0.03 
0.19 0.06 -0.10 -0.01 -0.15 0.02 
0.65 0.28 0.40 0.52 0.46 -0.11 
1.00 
0.44 1.00 
0.09 0.02 -0.37 0.67 
0.12 0.22 -0.04 0.12 
0.03 -0.01 -0.27 -0.12 
-0.18 -0.27 -0.26 -0.04 
-0.22 -0.15 -0.23 -0.24 
-0.28 -0.34 -0.22 -0.03 
-0.43 -0.49 -0.38 -0.17 
-0.10 -0.12 -0.22 -0.17 
0.13 0.21 0.27 0.04 
0.28 0.38 0.22 -0.01 
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Ear Height/Plant ECB1 Tunnel Tunnel Popping Hull Kernels/10 Flake %Mushroom Expansion 
Height Rating Number Length Expansion Rating g Rating Flakes per kernel 
1.00 
0.17 1.00 
0.11 -0.03 1.00 
0.17 -0.12 0.81 1.00 
-0.05 0.00 0.04 0.08 1.00 
0.15 -0.06 0.19 0.33 0.52 1.00 
0.14 -0.18 0.22 0.34 0.08 0.57 1.00 
0.01 -0.02 0.09 0.16 0.74 0.68 0.23 1.00 
-0.18 0.06 -0.19 -0.29 -0.59 -0.78 -0.47 -0.88 1.00 
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Table 47. Table of the means for all the popcorn and popcorn quality traits evaluated in this 
experiment. 
Popping %Mushroom Expansion/ 
Cross Expansion Hull Rating Kernels/10 g Flake Rating Flakes Kernel 
P 1 COXP 1 CO 38.61 2.79 73.14 3.29 11.07 5.29 
P 1 COXP 1 C2 40.14 2.79 74.00 3.57 4.64 5.45 
P 1 COXP 1 C4 40.64 2.79 78.93 3.43 7.14 5.17 
P1 COXP2C0 39.57 2.43 71.79 2.86 20.71 5.54 
P 1 COXP2C2 40.00 3.14 74.64 3.64 7.50 5.38 
P1 COXP2C4 41.11 3.21 72.71 3.64 8.57 5.68 
P1 COXBSP4APC0 39.46 2.93 73.21 3.43 5.36 5.43 
P 1 C2XP 1 CO 39.96 3.07 72.14 3.50 2.86 5.56 
P 1 C2xP 1 C2 40.79 2.93 82.36 3.79 3.21 4.97 
P 1 C2XP 1 C4 41.04 3.21 85.14 3.79 0.36 4.84 
P 1 C2XP2C0 40.96 3.00 75.86 3.71 5.36 5.47 
P1 C2XP2C2 41.18 3.00 75.36 3.64 3.93 5.48 
P 1 C2XP2C4 41.68 2.71 76.64 3.29 6.79 5.47 
P1 C2XBSP4APC0 39.46 2.29 74.14 3.71 7.86 5.35 
P 1 C4XP 1 CO 40.11 2.93 78.29 3.50 3.21 5.15 
P 1 C4XP 1 C2 41.21 3.14 81.86 3.57 3.21 5.08 
P 1 C4X P 1 C4 41.57 3.36 85.00 3.71 3.93 4.92 
P 1 C4XP2C0 41.21 3.07 77.43 3.36 7.86 5.36 
P1 C4XP2C2 41.79 3.50 76.29 3.50 3.57 5.50 
P1 C4XP2C4 42.21 3.29 76.50 3.50 5.00 5.56 
P1 C4XBSP4APC0 40.93 2.86 75.43 4.21 0.00 5.45 
P2COXP1 CO 39.57 2.57 72.57 3.21 19.29 5.48 
P2COXP1 C2 40.71 3.07 74.07 3.36 3.57 5.52 
P2COXP 1 C4 41.14 2.93 78.07 3.36 5.71 5.32 
P2COXP2C0 40.00 2.64 75.36 3.71 3.57 5.36 
P2COXP2C2 40.50 3.29 74.36 3.36 3.93 5.49 
P2COXP2C4 41.54 2.71 72.71 3.50 4.64 5.74 
P2COXBSP4APC0 39.32 2.64 73.43 3.29 19.93 5.39 
P2C2XP 1 CO 40.11 3.00 74.36 3.36 8.93 5.42 
P2C2XP 1 C2 40.21 3.29 77.29 3.64 1.79 5.25 
P2C2XP1 C4 40.75 2.86 76.79 3.43 6.07 5.36 
P2C2XP2C0 41.11 3.00 77.14 3.57 2.14 5.34 
P2C2XP2C2 41.04 3.21 75.86 3.71 1.79 5.46 
P2C2XP2C4 41.32 3.43 76.57 3.79 1.79 5.44 
P2C2XBSP4APC0 39.39 2.64 73.21 3.43 3.57 5.42 
P2C4XP1 CO 40.68 3.29 74.36 3.50 2.86 5.49 
P2C4XP 1 C2 42.36 2.86 75.64 3.64 3.93 5.64 
P2C4XP1 C4 42.25 3.43 76.79 3.93 1.79 5.54 
P2 C4X P2 C 0 40.82 3.21 74.71 4.00 4.64 5.52 
P2C4XP2C2 42.14 2.57 75.36 3.64 2.86 5.64 
P2C4XP2C4 42.54 3.36 74.14 3.79 1.79 5.76 
P2C4XBSP4APC0 40.21 3.21 74.21 3.64 4.64 5.45 
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Popping %Mushroom Expansion/ 
Cross Expansion Hull Rating Kernels/10 g Flake Rating Flakes Kernel 
BSP4APCOXP1 CO 38.89 2.93 72.43 .3.43 4.64 5.41 
BSP4APCOXP1 C2 40.39 2.79 78.86 3.50 0.71 5.18 
BSP4APCOXP1 C4 40.75 2.93 75.64 3.29 6.79 5.41 
BSP4APCOXP2C0 39.86 3.29 74.00 3.43 4.64 5.45 
BSP4APCOXP2C2 40.43 2.86 75.36 3.79 1.79 5.41 
BSP4APCOXP2C4 40.36 3.00 69.71 3.57 3.57 5.81 
BSP4APCOXBSP4APC0 38.50 2.93 72.64 3.43 10.00 5.32 
P 1 C 1 XP 1 C 1 40.25 2.79 75.29 3.50 7.86 5.37 
P1 C3XP1 C3 41..11 3.21 85.21 3.71 1.07 4.85 
P2C 1 XP2C 1 40.54 2.71 78.79 3.43 6.79 5.20 
P2C3XP2C3 41.93 2.86 74.79 3.79 2.86 5.64 
BSP7SAC0 41.46 3.07 74.71 3.57 12.50 5.57 
BSP8SGC0 42.07 3.07 72.14 3.71 3.57 5.87 
BSP6CBC0 41.18 3.57 76.50 3.57 6.07 5.41 
P621 43.14 2.64 66.07 4.29 0.00 6.66 
M118 43.43 3.36 72.21 4.00 0.36 6.04 
90135 44.14 3.43 71.29 4.43 0.00 6.30 
M E328 45.11 3.50 70.79 4.57 0.00 6.41 
SH9201 42.29 2.50 61.93 4.50 2.14 6.86 
P214 36.50 1.29 65.00 1.43 78.93 5.64 
A5501 37.36 1.07 63.29 1.07 85.36 5.93 
A4599 42.29 1.71 58.79 3.43 19.29 7.26 
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